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PREFACE 


The rapid increase, in the past few decades, of knowledge concerning 
the structure of molecules has made the science of statistical mechanics 
a practical tool for interpreting and correlating experimental data. It 
is therefore desirable to present this subject in a simple manner in order 
to make it easily available to scientists whose familiarity with theoretical 
physics is limited. This book, which grew out of lectures and seminars 
given to graduate students in chemistry and physics, aims to fulfill this 
purpose. 

The development of quantum mechanics has altered both the axio- 
matic foundation and the details of the methods of statistical mechanics. 
Although the results of a large number of statistical calculations are un- 
affected by the introduction of quantum mechanics, the chemist’s 
interest happens to be largely in fields where quantum effects are im- 
portant. Consequently, in our presentation, the laws of statistical 
mechanics are founded on the concepts of both quantum and classical 
mechanics. The equivalence of the two methods has been stressed, but 
the quantum-mechanical language has been favored. We believe that 
this introduction of quantum statistics at the beginning simplifies rather 
than puts a burden upon the initial concepts. It is to be emphasized 
that the simpler ideas of quantum mechanics, which are all that is used, 
are as widely known as the more abstract theorems of classical mechanics 
which they replace. 

Simplicity of presentation rather than brevity and elegance has been 
our endeavor. However, we have not consciously sacrificed rigor. 

Care has been taken to make the book suitable for reference by sum- 
marizing and tabulating final equations as well as by an attempt to make 
individual chapters complete in themselves without too much reference 
to previous subjects. 

All the theorems and results of mechanics and quantum mechanics 
which are used later have been summarized, largely without proof, in 
Chapter 2. The last section, 2k, on Einstein-Bose and Fermi-Dirac 
systems, ties up closely with Chapters 5 and 16 only. 

Chapters 3 and 4 contain the derivation of the fundamental statistical 
laws on which the book is based. Chapter 10 is prerequisite for Chap- 
ters'l 1 to 14. Otherwise, individual subjects may be taken up in different 
order. 
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Vil PREFACE 


In Chapters 7 to 9 considcrable space is devoted to the calculation of 
thermodynamic functions for perfect gases, which was considered justi- 
fied by the value of the results for the chemist. These chapters may be 
omitted by readers uninterested in the subject. 

Chapters 13 and 14 on the imperfect gas and condensation theory, 
respectively, are somewhat more complicated than the remainder, but 
are included because of our special interest in the subject. 

The aim of the book is to give the reader a clear understanding of 
principles and to prepare him thoroughly for the use of the science and 
the study of recent papers. Many of the simpler applications are dis- 
cussed in some detail, but in general language without comparison with 
experiment. The more complicated subjects have been omitted, as have 
been those for which at present only partial solutions are obtained. 
This choice has excluded many of the contemporary developments, 
especially the interesting work of J. G. Kirkwood, L. Onsager, H. Eyring, 
and W, F. Giauque. 

In conclusion we express our gratitude to Professors Max Born, Karl 
¥. Herzfeld, and Edward Teller, who have read and criticized several 
parts of the manuscript. We also thank Dr. Elliot Montroll, who aided 
in reading proof and who made many helpful suggestions. 


JOSEPH EDWARD MAYER 
MARIA GOEPPERT MAYER 
New York Crry 
March 81, 1940 
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STATISTICAL MECHANICS 


CHAPTER 1 
GAS THEORY 


(a) Introduction. (b) A Simplified Model of the Perfect Gas. (c) The 

Number of Molecules with a Given Velocity. (d) The Classical Perfect 

Gas, Pressure. (e) The Maxwell-Boltzmann Distribution Law. (f) The 

Average Velocity. (g) The Number of Molecules Hitting a Wall. (h) The 

Mean Free Path. (i) Viscosity. (j) Heat Conduction. (k) Diffusion. 
(1) The Scope of Statistical Mechanics. 


1a. Introduction 

In the theory of mechanics, which treats the motions of bodies sub- 
jected to known forces, there enter certain quantities known as integrals 
of the equations of motion. These integrals are the quantities which 
remain constant in an isolated system consisting of bodies upon which 
no forces are exerted from outside the system itself. The most impor- 
tant of these integrals is called the energy. 

For most simple ideal mechanical systems the energy falls naturally 
into two additive terms. One of these, the kinetic energy or vis viva, 
is the sum or integral over the system of one-half the product of the 
mass by the linear velocity squared. The other, the potential energy, 
is a function of the position of the parts of the system alone, and inde- 
pendent of the velocities. From these characteristics of the equations 
of motion one becomes accustomed to thinking of energy as a quantity 
existing in two forms, kinetic and potential, readily convertible into 
each other, and actually changing from one form into the other during 
the motion of the system. 

However, this simple idealization of the laws of mechanics is never 
found to apply exactly to the motions of macroscopic bodies. It is 
always necessary, in order to obtain exact agreement with experiment, 
to introduce into the theoretical description certain frictional forces, 
which have the property of reducing the kinetic energy of the system, 
without a corresponding increase in the potential. It is true that in 
many almost ideal systems these frictional forces are practically neg- 
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ligible, as in the motion of the solar system, but in others they assume 
extreme importance. 

The investigations of Rumford, in the eighteenth century, followed 
by the considerations of Mayer, Joule, and others, showed that the 
decrease in the mechanical energy of the system through frictional 
forces is always accompanied by a rise in temperature of the system, or 
of parts of the system. A new quantity, foreign to mechanics, called 
heat, may be introduced, and defined in such a way that the heat pro- 
duced in the system is always equal to the mechanical energy lost 
through friction. By this inclusion of heat as a third form of energy, 
the mechanical statement that the energy of an isolated system remains 
constant with time retains its validity, and in this form the law of con- 
servation of energy is known as the first law of thermodynamics. 

Observations made by Brown in 1827 on particles of microscopic 
size suspended in solution showed that these are in a state of continual 
random motion, which suggested that the invisible atoms and molecules 
making up matter in bulk are not at rest. It is immediately obvious 
that, if this motion is real, the system of atoms and molecules composing 
bulk matter has associated with it energy, in the form of kinetic and 
potential mechanical energy, not different in kind from that associated 
with a macroscopic system. 

The assumption that the mysterious disappearance of mechanical 
energy of a macroscopic system into the heat of its component parts, 
due to frictional forces, is merely the conversion of macroscopic mechan- 
ical energy into the submicroscopic mechanical energy of the atoms and 
molecules, is known as the kinetic hypothesis. In this theory heat is 
no longer essentially distinct in kind from mechanical energy. The 
theory has been amply confirmed by the remarkable accuracy with 
which the properties of bulk matter can be predicted by its use. 

This is then the fundamental step of the kinetic theory: to identify 
heat with the mechanical energy of the molecules. ‘The motion of these 
molecules and their constituent parts may be expected to be governed 
by the laws of mechanics. However, it has been found that the equa- 
tions of classical mechanics are asymptotic approximations, valid only 
for large systems, to the more universal equations which make up what 
is called quantum mechanics. With this enlargement of the meaning 
of the word mechanics to the quantum-mechanical laws for systems of 
atomic size, the motion of the constituents of bulk matter is actually 
governed by the laws of mechanics. The laws which bulk matter is 
known to obey, the laws of thermodynamics and of physical chem- 
istry, are then presumably consequences of the laws of mechanics. The 
methods by which these laws can be derived, and by which their numer- 
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ical constants can be calculated from the mechanical properties of the 
molecules, form the science of statistical mechanics. 

The problem appears at first to be somewhat hopeless of solution. 
The strict equations of mechanics are difficult to solve for systems 
consisting of more than two particles. How can one expect to draw 
any conclusions from the application of these equations to systems com- 
posed of 1073 particles? The very complexity of the problem is the 
secret of its solution. The details of the mechanical motion of the 
atoms within a system are unimportant for the calculation of the over- 
all behavior of the system, which determines its macroscopic proper- 
ties. Certain averages of the system’s characteristics can be calculated 
from the mechanical laws governing the motion of its parts, and it 1s 
these averages which are actually observed. In most actual problems 
an essential simplification is gained from the fact that there are but a 
few different kinds of constituent molecules, although the number of 
each kind may be enormous. 

In this chapter a rather simple example, that of the perfect monatomic 
gas, will be used to illustrate the possibilities of statistical methods. 


1b. A Simplified Model of the Perfect Gas 

One of the simplest cases, for which very elementary considerations 
lead to rather valuable conclusions, is that of the perfect monatomic 
gas. A dilute gas at rather high temperature consists of individual 
molecules which possess kinetic energy of motion, but which, on the 
average, are so far away from each other that they exert negligible 
forces on each other. Stated somewhat more specifically, only a very 
small fraction of all the possible instantaneous positions of all the mole- 
cules correspond to a total potential energy which is not infinitesimally 
small compared with the total kinetic energy of the system. 

If the gas is monatomic it is known from experience that at ordinary 


ee 


certain possible exceptions will be noted. For the normal dilute mona- 
tomic gas the only important part of the total energy is the kinetic 
energy of translation of the atoms. 

We shall attempt to predict the properties of an idealized system 
consisting of N identical point particles, each of mass m, exerting no 
forces on each other, and contained in a vessel of volume V, the walls 
of which reflect the striking molecules perfectly. N will be assumed to 
be a very large number. Since no forces are operative the potential 
energy must be independent of the positions of the particles, and will 
be chosen as zero. The total energy EH of the system will be the kinetic 
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energy, the sum of mv? for all the particles. The properties of such a 
system may be expected to be very close to those of a dilute monatomic 
gas of an element of atomic weight Nom, in which Vo is Avogadro’s 
number. 

In section Ld, the properties of this system will be calculated without 
the introduction of any unnatural assumptions concerning the further 
characteristics of the molecules, but in this section the calculation will 
be carried out with the use of two entirely improbable assumptions. 
It will be assumed, namely, that all the N molecules have exactly the 
same magnitude of velocity v, and that they move only in the directions 
of the three principal Cartesian axes, one-sixth of the molecules moving 
in the positive direction, and one-sixth in the negative direction, of each 
axis. [fa molecule hits one of the walls, which are taken to be parallel 
to the coordinate planes, its velocity changes sign. It so happens that 
the equations derived under these assumptions are the correct ones, 
and since the method of derivation is illustrative of the more exact one 
to come it appears to be excusable to use these assumptions for pre- 
liminary considerations. 

The pressure exerted on a wall of the vessel is the force exerted normal 
to the wall per unit area. This force arises from, and is equal and oppo- 
site to, the change in momentum per second suffered by the molecules 
which are reflected from the wall. If one considers 1 em.? of wall per- 
pendicular to the 2 axis it is clear that this section of the wall will be 
struck in 1 see. only by the molecules moving toward the wall along 
the x axis, and lying, at the beginning of the second, in a rectangular 
parallelepiped of length v along the x axis, and with a cross-sectional 
arex 1 ocem.?. If the density of molecules in all parts of the system is 
uniformly N/V, the number hitting the wall per square centimeter per 
second will be oV/6V. Kach molecule striking has a momentum az 
normal to the wall, and, if the molecules are reflected after striking, the 
ehange of momentum per molecule will be 2mv, The total change of 
momentum per square centimeter per second 1s the pressure, 


rN 
P= 2m- =, 
GI 
(1. 1) PV = 3N(3m") = 2, 


since the total energy Eis 3Nmw?. The pressure-volume product, PV, 
is & constant for constant energy of the system, and proportional to the 
total energy. 

We should prefer, however, to relate the pressure-volume product to 
the more easily measured variable 7, the temperature of the system, 
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rather than to the total energy. Here a difficulty is encountered which 
is not connected with the particular system, but rather with the essen- 
tially compheated nature of the funetion 7. It will later be shown that 
two such systems as this, if brought into thermal contact so that energy 
ean flow from one of them to the other, will come into equilibrium in 
such a way that the average kinetic energy per molecule is equal in the 
two systems. The qualitative definition of temperature is that it be 
equal in two systems which are in thermal equilibrium, and that it be 
higher in the system from which the energy flows than in the system 
which gains in energy if the two systems are brought into thermal con- 
tact. It follows that the energy per molecule, ¢ = #/N, is a monot- 
on ous function of the temperature alone, 

Anticipating this result, of later considerations, one sees from: equa- 
tion (1) that the pressure-volume product can be written 


PV =Nf(T), 


in which f(7) is a monotonously increasing function of the temper- 
ature. Until some more specifie definition of the temperature is avail- 
able one can proceed no further. 

Actually, however, the temperature 7’ has first been defined by Just 
this equation, namely, by setting f(7') = k7', where k = R/No is the 
gas constant per molecule, usually called the Boltzmann constant. 
Its numerical value is & = 1.3804 * 107!8 erg - deg.7t. The definition 
of temperature is made by means of the perfect: gas equation, 

. N 
(1. 2) PV =---RT = NkKT, 
No 

By combining (1) and (2), a relationship between the kinetic energy 

per molecule and the temperature is found 


(1. 3) pmo? = ZhT. 


The equations of this section will be derived in seetion Id in an exact 
and only slightly more complicated manner. Before doing this it is 
necessary to define and diseuss a quantity based on an extremely useful 
concept frequently met in statistical mechanies, 


1c. The Number of Molecules with a Given Velocity 

If an attempt is made to determine, in a gas, the total number, or 
fraction, of all the molecules which have a certain vectorial velocity v’, 
defined by the three components v,, vy, 12, 11 the x, y, and z directions, 
respectively, the necessity of a careful definition of the term is imme- 
diately faced. Obviously, the more accurately the velocities of the 
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molecules are measured, the fewer will be found to have the prescribed 
values of the velocity components. 

The difficulty is obviated by defining the quantity N(v) = 
N (vz,¥y,¥z) in such a way that N(vz,v,,02) dvz dv, dv, is the total number 
of molecules having velocity components lying between v, and vz + db,, 
vy, and vy + dv,, vz and vz + dv, N(vz,Vy,%2) may then be termed the 
number of molecules having the velocity vz, vy, vz, per unit volume in 
the three-dimensional space of the velocities. If dv, dv, dv, were chosen 
so small that the velocities of only a few molecules lie in the corre- 
sponding range, NV (v,,v,,v2) would vary erratically in adjoining regions. 
If the regions dv, dv, dv, are, however, chosen large enough to contain 
very many molecules, N(v’) becomes a well-defined function, namely, 
the density of particles in the velocity space. Owing to the extremely 
large number of molecules in real systems, regions which are physically 
very small still contain large numbers of particles, so that no difficulty 
is encountered in treating N(v,,0,,02,) a8 a continuous function of its 
arguments. If we treat N(%’) as a function which is independent of 
time, we wish it to signify the average density of particles in the velocity 
space. Ata given instant deviations from this average density may be 
observed, but owing to the tremendous number of molecules in a real 
gas the fractional deviations will be very small. 

It will be convenient to define 


ta 
(1. 4) N(0,,0y) = J N (lp Pyhz) dz, 


—- 


-F 00 ob + 00 
N (nz) -f N (2,0) dy, = f N (Vp ,Uy,0z) dv, dv, 
- XD 


0 — 0 


so that N(v,) dv, is the total number of molecules having 2 components 
of velocity between the values v, and v, + dv,, irrespective of the values 
of the components in the y and z directions. The total number of mole- 
cules N must be given by 


(1. 5) 


-} 0 +00 » oO 
N = f CR ee f J N (m0,) dog do, 
more) —-0 V—x 


a 
= f N (02,0 y,02) du, dvy do,. 
— — 0 


- 20 


One also finds use for another quantity, N(v) or N,, defined by the 
statement that N(v) dv is the total number of molecules having scalar 
magnitudes of velocity between v and v + dv. The scalar magnitude 


Eq. 1.10} NUMBER OF MOLECULES OF ONE VELOCITY 7 


v must be equal to or greater than zero, in contradistinction to vz, ty, 
and v,, which may y be negative. Also 


(1. 6) f N(wv) dv = N 


The area of the surface of a sphere of radius v is 4202. The volume 
in the velocity space corresponding to the range of scalar magnitude 
from v to v + dv is therefore 47v? dv. 

If the gas is isotropic, that is, if all properties of the gas, including the 
distribution* of molecules in the various velocity ranges, are the same 
for all directions, it follows that 


N(v) =N(w), if [|v] = [al, 
(1. 7) N(v) = 4rv?N(0’), if v = |v’. 


The calculation of quantities of the nature of N(v") and N(v) under 
conditions of equilibrium in the system is one of the important tasks of 
statistical mechanics. 

The value of a knowledge of the dependence of such a quantity, say 
N(v), upon its variable, may be illustrated by showing one of its uses. 
Suppose that the average value of the kinetic energy of the molecules 
composing the gas is sought. The kinetic energy of one molecule is 
tmv*. Tf this is multiplied by the number of molecules N (vr) dv having 
the velocity magnitude », and then summed, by means of integration, 
over all velocity ranges, the total kinetic energy, H, is obtained as 


(1. 8) E = i. 1 nv2N (v) dv. 
Q 


The average kinetic energy per molecule is the total kinetic energy 
divided hy the total number of molecules, NV. If the average kinetic 


energy is denoted by $mv*, we have 
(1. 9) 1 mv? = ad v?N (v) do, 


In general, if f(v) is any function of the aaibidie of velocity of a 
single molecule (in the special case just considered f(v) = $mv?), then 


the average value of this function, f(v), will be given by 


(1. 10) FG) = cf f(v)N(v) do. 
*In general, unless the Schitary is explicitly stated, the small effect of the gravi- 
tational gradient in making the vertical direction unique will be neglected. 
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If f(vz,¥y,%z) 18 a function of the three components of the velocity vector 
its average value is given by 


ae 1 D oe) D 
(1.10) fosrnm) =a fff $=rune) Nate) dog doy doy 
NS_ xd ~ ad ~@ 


In the special case that f depends only on the combination (v2 + ve 4-7), 
thatis, only on the magnitude of velocity v, the integration over the direc- 
tions of the velocity vector in (10’) may be performed immediately; 
(10’) then reduces to (10). 

Equations (10) and (10’) may be regarded as definitions of the 
average value of a function. They represent the sum of the values of 
the function for all molecules, divided by the total number of molecules. 


1d. The Classical Perfect Gas, Pressure 

The system consisting of N identical, independent, poimt mass par- 
ticles in a volume V will again be considered in this section. The 
unnatural assumption of equal velocities and of only six directions of 
motion will not be made, but the justifiable assumption of equation 
(7), that the gas is completely isotropic, will be kept. 

Let us again calculate the pressure due to the collisions of the par- 
ticles on the walls. The pressure is equal to the change in momentum 
per second of the particles hitting unit area of wall. The element of 
wall considered will be chosen normal to the a axis, and of area 1 cm.?. 

In general it would be unjustifiable to assume that every particle of 
velocity vz, vy, vz hitting the wall was perfectly reflected, and left with the 
velocity —vz, Vy, vz. However, since isotropy has been assumed, and 
therefore in the assumed stationary state N (vz,vy,v2) = N(—vz,0y,02), 
it follows that just as many molecules leave the wall with the velocity 
—z, Vy, Vz aS hit with the velocity v,, v,, vz, and the total change of 
momentum per second experienced by the molecules due to collision 
with the wall will be the same as zf the molecules were perfectly reflected. 
One may, therefore, without loss of generality, calculate the total 
change of momentum per square centimeter per second as being the 
product 2mv, times the number of molecules of velocity component v, 
hitting 1 cm.? of wall normal to the x axis, per second, summed by intc- 
gration over all values of v, from zero to infinity. 

A figure including all the vectors » with given components vz, v,, U2, 
whose end points fall in the square centimeter of wall normal to the 
x axis, is a parallelepiped of base 1 cm.? and height v,, the volume of 
which is v, cm.’; sce Fig. 1. 1. All thev,N(0)/V molecules of velocity 
v which are in this figure at any moment will strike the square centimeter 
of wall within the ensuing second. Integration over all values of v,, v2, 
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equation (4), gives [v,N(v,)/V] dv; as the number of molecules of x 
components of velocity between v, and v, + dv, striking 1 cm.” of wall 
normal to the x axis per second. Multiplication of this by 2mv,, the 
change of momentum per molecule, and integration, gives for the total 


Fig. 1. 1. 


change of momentum per square centimeter per second, equal to the 
pressure P, 


fo @) 
(1. 11) p& 2 f ENG dec 
Vi Jo 


Since N(v,) = N(—»v,), the integration from zero to infinity is equal 
to just half the integral from minus infinity to plus infinity. In view 
of (10’), one obtains 


(1. 12) PV = 2(Am2)N, 


“> e e e 
where v7 is the average value of v2. Since isotropy has been assumed, 


ye = ve = v2, and their sum is v”, so that v2 = v?/3, and 


. 


(1. 13) PV = 2(diw®)N = BE. 


As before, the pressure-volume product is found to be two-thirds of the 
total kinetic energy of the system. 
Comparison of (13) with the perfect gas equation, (2), shows that 


(1. 14) dmo® = 3kT, E = 3NkT, 

which is similar to (3) except that now the average kinetic energy pe 
molecule is used instead of assuming that the kinetic energy is the sam 
for all molecules. 
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le. The Maxwell-Boltzmann Distribution Law 

At is mteresting to study more closely the distribution of molecules 
over the velocity ranges, that is, the functional dependence of N (vz,vy,0z) 
onits arguments. In this section, two proofs of the Maxwell-Boltzmann 
distribution law will he given. 

The first derivation, published originally by Maxwell in his first 
paper on the subject, does not consider the mechanism of collisions 
between the molecules. This proof, however, is not rigorous, since 
it is based on an assumption which should first be proved. Maxwell 
assumed that the distributions of the molecules among the components 
of velocity in the direction of the three coordinate axes are independent 
of each other; in other words, the probability that the 7 component of 
the velocity has the value v, is not influenced by the components in the 
other two directions. The number of molecules, N(v’), of the velocity 
v, can then be expressed as a product of three functions of v2, vy, and 2; 
alone. Since the space is assumed to be isotropic these three functions 
must be the same, and, morcover, N(0’) can depend only on the magni- 
tude of velocity, or if we wish to write it so, on the square of the mag- 
nitude, v2 ++ 02 + of = v?, 

These two eonditions lead to the relation that 


(1. 15) N(V) = f(vz) fry) -S(ez) = Fe’). 
If v, = vy = 0, then v? = v7, and if the symbol a is used for the value 
of f when its argument, is zero, a = f(0), 
a2f(r,) = F(v%), 
or, by insertion into (15), 
(1. 16) Fo?) = w SF (02) - F(uz) - P(r). 
This funetional relationship (16) is satisfied only if F 1s of the form 
Ae?” To show this, equation (16) may be transformed into a dif- 


ferential equation by differentiating both sides with respect to v;, and 
then setting », = v, = 0. The symbol a is defined by 


ore) 
1. 17 = —q? Z . 
ee ari es n=0 
Since F(0) is a’, one obtains 

OF (v2) , 
(1. 18) daz) — aF (v2), 
or 


(1. 19) F(v2) = Aew2, =N() = Aem*”, 
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The value of the parameters A and @ can be determined from the total 
number of particles N and the total kinetic energy FE of the system. 
Before doing this we shall derive (19) rigorously without making the 
assumption that the distmbution of the molecules among the com- 
ponents of the velocity 1s independent. 

In order to do this it will be necessary to consider the collisions 
between the molecules in the system. In order to have collisions by 
which kinetic energy can be transferred from one molecule to another 
it must be assumed that there are forces operative in the system. The 
magnitude of the forces, or the laws governing them, need not be known, 
but it is essential that they be negligibly small except at distances of 
approach between the molecules which are very small compared to the 
average distances between them. Only under this condition is' the 
potential energy negligible for all probable positions of the molecules in 
the system. Stated differently, if is important that at any instant an 
infinitesimal fraction of the moleeules are in the process of undergoing 
a collision. 

Consider one particular type of colliston process, and its reverse, 
namely, the process by which particles of the vectorial velocities % and 
W@ collide, and emerge with the velocities” and wv’, respectively. Since 
the sum of the kinetic energies of the particles must. remain unchanged 
in the collision, the condition 


(1. 20) yey? =p’? 4+ ay”? 


must be fulfilled 

The total number of times that. this process occurs in a second will be 
alled the rate of the process, and must be proportional to the number of 
particles of velocity 0’ and W present, that is, to the product N (0")-N (42). 
The rate of the reverse process in which particles of velocities 0” and w’ 
emerge with velocities 0 and @ has to be proportional to N(0")-N(@"). 
At equilibrium the rates of the two processes are equal.* We shall 
show that the proportionality constants entering into the two rates are 
also identical, from which the relation 


(1. 21) N(v)>N(@) = N(0") > N(W) 


between the equilibrium numbers of molecules of velocities 0, @, 0’ and 
wv’ results. The only solution of (21) with (20) is (19). 

That the proportionality constants of the two rates in question must 
be equal, if the two particles are unaffeeted during the course of the 


* We are assuming complete reversibility, namely, that at equilibrium the rate 
of any process and that of its inverse are equal. The fact that this is generally true 
is discussed at the end of section 21. 
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collision by the walls or by the other particles of the system, may be 
demonstrated in the following manner. Take the point of view of an 
observer moving with the velocity of the center of gravity of the two 
particles, namely, 5(v’ + W@) =3(0"+ @’) (conservation of momentum; 
see Fig. J. 2). To this observer the two processes, one which converts 
velocities 0 and W into 0” and 
vu, and the other which converts 
v” and @ into v and @, are 
exactly similar. In both cases 
two molecules moving with equal 
and opposite velocities of mag- 
nitude 4|(v— w) |=3|(v"-a’)| 
approach, collide, and leave 
each other with velocities again 
oppositely directed, and of the 
original magnitude. The angles 
by which the particles are de- 
flected are the same for both 
particles and for the two proc- 
Iria. 1. 2. Representation of the velocity esses. There is no concelvable 

vectors in two-dimensional velocity space, cause, other than the effect of 

ies ope Bir a between two the other particles or the walls 

7 cecal of the system,* which could 
make the two absolute rate constants differ. Equation (21) is thereby 
proved. 

The functional relationship (21), together with (20), has (19) as its 
only solution. This can be shown by taking the special case that 
Vv’ = 0, for which u/? = v? + u?, Since the space is isotropic, so that 
N(v’) can depend only on the magnitude, and not on the direction, of 
vy; one may, as before, write N(o) = F(v?), obtaining 


elocity of cente 
of gravity 


(1. 22) F(0O) + F(v? + u?) = F(v*) > F(u?). 


This equation has essentially the same nature as (16), and may also be 
transformed into the differential equation (18) by differentiation with 
respect to u* and subsequent choice of u = 0. 

It is readily seen that collisions between more than two particles do 
not change this result. 

The number N(v) of molecules with magnitude of velocity v, from 


* The influence of the distribution of the other molecules in the velocity space is 
the cause of the difference between the results of this consideration and that of 
Chapter 5 in which quantum mechanics is employed. 
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(7) and (19), is seen to take the form 
(1. 23) N(v) = 4rv?N (0) = 4rAv2e*”, 


The two constants A and a are calculated from the total number of 
molecules N, and the total kinetic energy E, which is related to the 
temperature by (13) and (14). In performing these operations two 


17. @) ‘o 6) 
definite integrals, f ve?" dr and f vte*"" dv, are encountered. The 
0 0 


transformation to the new variable z = av?, dz = 2av dv, leads to the 


forms 
ee : Pe ne - 1 /r\!!2 
f i CT i i f zilte-* dz = -—( - 
0 2 0 4a Qa 
id 1 sae 3 [a\il2 
f yte 2? dy = gg 5/2 f 23ltg-* dz = —. *) : 
0 2 *) Sa~ \a 


The values of integrals of this sort are tabulated in the Appendix, A IT. 
The condition 


ee oS r\3!2 
(1. 24) N = | N(v) dv = 4rA f ye?” dy = A ( ) 
0 70 a 


leads to 


or, with (23), 


3/2 
(1. 25) N(v) = 44N (‘“) y2gmer, 
T 


The parameter a is necessarily positive, for otherwise the integration 
of equation (24) could not have been performed. Indeed, a formula 
predicting an infinite number of molecules with infinite velocities is 
obviously nonsensical. For the evaluation of a the total kinetic energy 
is calculated by the use of (8), and compared with (14) which equates 
the average kinetic energy per molecule to 3kT/2. The steps are: 


oO 3/2 00 3mN 
(1. 26) EF = f smo (v) dv = 2xmN (*) f te 2” dy = = ) 
0 us 0 


14 GAS THEORY [Sec. Lf 


and combining the above with (14), 


3 3mN 
E = —NkT = —~—; 
2 4 
m 


With this value of a the final form of the Maxwell-Boltzmann distri- 
bution law is 


3/2 
(1. 28) N( 0) = N(v2,0y,02) = N (577) Gee 
(1 29) N( ) 4aN . y" oy —mv2/2kT 
. rD = i eh eee Ss ve : 
. 2rkT _ 


The quantity in the exponent, mv2/2kT, is the kinetic energy of the 
molecule divided by &7’. It will be found, in general, that, in dealing 
with molecules having internal energy, the exponential of the energy 
divided by £7 always occurs in the expression for the distribution of 
molecules with respect to the energy. 

If the gas as a whole moves with respect to the observer, that is, if the 
gas is streaming with the velocity w, the velocities 0’ of the individual 
particles will be distributed randomly about this prevalent. velocity. 
In this ease equation (28) has the form 


3/2 deh rege 
(1. 28°) N(v) = N (0 g,Pyt2) = v( ~ ) gm (0~ U)2/2kT 


It is readily seen that then the average value of 0” is equal to W. 


1f. The Average Velocity 

Average values of functions of the velocity veetor, or of the velocity 
magnitude, may be found with the aid of the functions (28) and (29). 

The function N(v") = N(v2,0,,0,), (28), is plotted in Fig. 1. 3 against 
the magnitude of the velocity. The function has a maximum at 
ly = dy =v, = 0. If v, and v, are kept constant and N(%’) is plotted 
as a function of v,, the resulting curve is proportional to the curve of 
N(v) plotted against v, is symmetrical in +-v, and —v,, decreasing from 
a maximum at vz = 0 exponentially to zero on both sides. From this 
fact it is immediately obvious that the average value of v,, namely, 


get. IE 


1. => 
(1. 30) v N 


+a 
f vzN (v,,Vy,02) dvz dv, dv, = 0, 
—2 
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since the integrand is positive 
for positive values of v,, and 
antisymmetrically negative 
for negative values of this 
variable. Indeed, the aver- 
age value of any odd power , 
of vz vanishes. The average 
value of the velocity vector 0 
is therefore 7 = 0. This fact 
is inherent in the assumption 
of isotropy, the assumption 
of equation (7) that no pref- 
erential direction exists. 

The nature of the fume- Pia. 1. 3. Maxwell-Boltzmann Distribution. 
tion Nw), (29), is quite 
different. This function 1s 1 QR PNW? i 
defined only for positive win) NOS aay pyr m02/2kT 
values of v, the magnitude a 7 
of velocity. It, also, is plot- ey Pee 
ted in Fig. 1.3. It) rises ac N(v) = @ meer 
from 0 at v = 0 to a maxi- spam 
mum at v=?,, and goes Noe 
asymptotically to zero as v Gis) v 


goes to infinity. The veloc- TU INOUE i 
ity which corresponds — to & ONC HA NOM oa) P=} 
the maximum, t,, is the 


most probable velocity magnitude, or briefly, the most probable velocity. 
Its value is determined by the condition that 


ON (0 
(4) 
dv Oo = Um 


Plot of 


m 


or 
moe 
l = m = ¢) 
(28) <4 
OkT\'!2 
1. 31 m=(——) . 
as ( m ) 


The kinetic energy corresponding to the most probable velocity is kT. 
The function N (v), (29), may be used to calculate the average of any 

power of the magnitude of velocity. It is to be noted that the »th root 

of the average of the vth power of the velocity is not the same as the 
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average velocity, v. For the average velocity, 


i-5f- vN (v) dv = 4 (55 = y ft 3o—mv2/2kT 7, 
= 4r OahT ; ve 
m 3/2 IkT\2 ee) 
= 4 —— 3,2? 
(<7) ( =a ) J xe 7 dx 


4 [(2kT\'!2 1 = 
=A) ad, ye” «ty, 


7 2 (2kT\'/2 IkT\ !!2 
(1. 32) y = al =") = 11283 (= =) 


mt m 


is obtained. The average of the velocity squared is 


~~ sa 4 (2k 
(1. 33) _ yt = id, v?@Ni(v) dv = mia wi a) sf y3!2e-¥ dy 
Ba 
~~ 2\om 


The root mean square velocity is the square root of this: 


ae 1/2 /9KT\ 1/2 OkT\'!? 
(1. 34) (v2) 1/2 = (5) (=) = 1.2247 (= at) 
2 m m 


These various averages of the velocity are all proportional to (2k7/m)1/2, 
but differ from each other, and from the most probable velocity v,, in 
numerical factors, not greatly different from unity. The (vy + 1)th 
root of the average of the (vy + 1)th power of the velocity is always 
greater than the vth root of the average of the yth power. In calcula- 
tions into which averages of the velocity enter, care must be taken 
that the correct average is used. In general, the average value of any 
function f(v) of the velocity is given by the integral N~! ff (v)N (v) do, 
equation (10); if the average of a function involving the »vth power of 
the velocity is sought, the average of this vth power, and not the »th 
power of the average velocity, must be taken. For instance, it 1s the 
root mean square velocity, (34), which gives the correct value of the 
average kinetic energy. Of course, the average oe eer (33), 


may just as well be calculated from N (vz,0y,tz) by v? = vz + w+ y?, or, 
since v2 = v2 = v2, simply as v? = 322. 
The numerical values of these average velocities are surprisingly 
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high. One finds, for instance, that the average velocity, », is 1750 
meters per second for He at 273°K., and 425 meters per second for Og at 
the same temperature. These high velocities were once regarded as 
a severe objection to the theory, since they had to be reconciled with 
the observed low diffusion velocities. However, these velocities are 
completely random in direction. - A molecule makes frequent collisions 
with others, so that the macroscopic velocity with which it progresses 
through the gas is very much smaller. The theory of the mean free 
path, defined in section 1h, is able to predict the correct diffusion veloci- 
ties (see sections lh, 1, j, and k). 


1g. The Number of Molecules Hitting a Wall 

For the calculation of the pressure in section 1d it was found that the 
number of molecules with z component of velocity between », and 
v, + dv, striking unit surface of a wall which is normal to the z axis 
is [v-N (v,)/V] dv, per second. The total number Z of molecules strik- 
ing the wall per square centimeter per second is, then, 


1 ie.) 
(1. 35) = =f v,N (vz) dvz, 
Vo 


or, from the expression (4) defining the function N(v,), and from 
(28) giving N (vz,v,,v2), 


Z N m 3/2 oe) (ve) oa) : F 
1. 36 = -— f f f pe~ mos toy t05)/2kT ly, 
( ) > (47) , JJ dv, dv, dv 


where the integration over dv, and dv, is extended from minus to plus 
infinity, but that over dv, from only zero to plus infinity. 

The transformation to new variables, ¢ = (m/2kT')!/*v,, and an 
analogously defined variable in place of v, changes the integral over 


wn 
dv, and dv, to the product of two integrals of the type f et dg, 


-2 
each of which has the value 2/2. Changing to x = mv2/2kT, 
dx = (mv,/kT) dv, transforms the integral over dr, into an integral of 

eo 


the type f e~* dz, which has the value unity. One then obtains for Z, 
0 
1/2 +00 2 20 
ee (=) | f ot ar | f et is 
V w\2rm a 0 


(1. 37) 
N (kT \12 
“5 (ge) 
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The use of the perfect gas equation (2), that PV = NkT, so that 
N/V = P/kT, enables one to express Z in terms of the pressure, instead 
of the number of molecules per unit volume, N/V, 


P 


(1. 38) 4 = OnmkT) 3’ 


This, then, is the expression for the number of molecules, Z, striking a 
square centimeter of wall per second. 
Numerical evaluation of the constants leads to 


; ‘ ie mm. aes ss 
(1. 39) Z = 3.537 X 10" (MT) sec.) em.~, 
in which Pym, is the pressure expressed in millimeters of mercury, and 
M is the molecular weight of the gas. 

The quantity Z is also the number of molecules escaping per second 
per square centimeter of hole into a vacuum, provided that the pres- 
sure is sufficiently low, so that the mean free path of the molecules is 
larger than the diameter of the hole. 

It is seen from equation (39) that in hydrogen, of molecular weight 
M = 2, at 1 atmosphere pressure, P = 760 mm., and at room temper- 
ature, 7 = 300°K., Z has the value 1.1 X 10% sec? cm.*. The 
number of molecules hitting a square centimeter of wall per second 
corresponds to approximately 1.8 moles of gas. 


1h. The Mean Free Path 

The average distance traveled by a molecule between collisions can- 
not be so clearly defined, or so unambiguously measured, as the pres- 
sure and average energy. 

For a rough calculation we shall assume the molecules to act as rigid 
spheres. Two molecules of diameters d, and doe, respectively, collide 
when the distance between their centers becomes equal to the sum of 
their radii, $(d; + de). In considering the collisions which one speci- 
fied molecule of diameter d; undergoes we may therefore treat that mole- 
cule as a point particle, whereas the others are treated as having their 
diameter increased by di, that is, the molecule n as having the diam- 
eter d; + d,. 

Assume the molecule in question, of diameter dj, moving in the 
x direction, to be shot into a gas consisting of molecules of diameter de. 
Each of the gas molecules presents to the approaching one a target of 
diameter d; + dz, and of area w(d; + d2)?/4. The number of such 
targets in a plate normal to the z direction, of unit area and thickness 
Az, is (N2/V) Az, where N2 denotes the number of molecules of kind 2 


Eq. 1. 42] THE MEAN FREE PATH 19 


in the system, and V the total volume. The total area covered by these 
targets, neglecting possible overlapping, is [w(di + dz)*N2/4V] Az. 
The probability that the incoming particle makes a collision in travers- 
ing the distance Az is, then, the ratio of the surface covered by the 
targets to the total surface, namely, 


= 2Ne2 
ri (dq; + de) Y Az. 


The quantity 
(1. 40) LC een ye 
; yi 1 2 V ; ’ 


having the dimension of a reciprocal length, will be abbreviated by the 
symbol 1/1. 

The significance of / is that it represents the mean free path, or the 
average distance traversed by a particle (of kind 1) before a collision 
(with a particle of kind 2). This can be seen in the following manner. 
Assume that a number 7o of particles with velocities of approximately 
equal magnitude and direction, chosen as the x direction, enter the gas 
at x= 0. Each collision removes a particle from the beam, so that the 
number of particles, n(x), arriving at a distance 2, is uniformly decreas- 
ing. The decrease of n at a place x is equal to the number of molecules 
reaching that place multiplied by the probability per particle of a col- 
lision, namely, 


dn 1 
—— Ar = -— n(x) Ax. 
dx l ney Ee 
This has the solution 
(1. 41) n(x) = new?" 


The distance x at which a particle makes a collision is called its free 

path. The mean free path is obtained by multiplying the path x by 

the number of particles colliding between x and x + Az, summing over 

all ranges Az, and dividing by the total number of molecules, namely, 
1 £7 dn 


ae 
(1. 42) -— fo aes fo Feeds =, 
novo dx 0 l 


which identifies the quantity / with the mean free path. 

At the distance x = / the number of particles in the beam has been 
reduced to the fraction ¢! of the initial number, that is, more than half 
of the molecules have undergone a collision at some smaller value of x, 
The fact that J is nevertheless the mean free path comes about because, 
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. ue molecules reaching the place z = J, some go very far: a fraction 
1 of them go further than x = 2l before a collision, a fraction 
Fides than x = 3l, etc. 

This formula for the mean free path has been derived by assuming 
that one molecule is moving, whereas the others are practically at rest. 
If we use this expression for the motion of one gas molecule among 
others of the same kind, and therefore of the same average velocity, we 
introduce a certain inaccuracy. However, this amounts only to a small 
numerical factor, which is unimportant in view of the much graver 
assumption of rigid molecular diameters. 

We find, therefore, within the accuracy of this argument, for a gas 
of one constituent, 


V 
ad?2N 


(1. 43) | = 

In a mixture of two gases the total number of collisions which one 
particle undergoes is composed additively of the number of collisions 
which it suffers with each kind of particle. We find, therefore, for 
the mean free path [; and le of each kind of particle 


(1. 44) ly = 4V (4ediN: + w(di + d2)?N2), 
lo = 4V(r(d; + d2)?N1 + 4nd3N2)7?. 
To obtain an idea of the order of magnitude of the mean free path 


one can use the equation of state of the perfect gas to replace the den- 
sity N V/ V in l by P/kKT, obtaining — 


kT 


F Sele eam 
(1. 45) l BP 


At room temperature, T = 300°K., and if the diameter d is measured 
in Angstrém units, that is, in 10° 8 em., one finds 
(1. 46) = 132(Pd3")"!. 


This relation gives J in centimeters if the pressure is measured in ¢.g.s. 
units, namely, in dynes per square centimeter. If P is measured in 
millimeters of mercury the relation becomes 


(1. 47) 1+ Pim, = 0.1(d3)~?, 


with Zin centimeters. For atoms and simple molecules the diameter d 
is a few Angstrém units, so that the mean free path in millimeters times 
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the pressure in millimeters is about one-tenth. With d = 5A one 
obtains the following numerical results: 


P P P l 
dynes per cm? mm of Hg atmospheres em 

1 < 7.5010 x 10-4 9.8697 x 1077 5.3 
1.332 « 108 1 1.3158 x 1078 3.9 < 107% 
1.0132 x 108 760 1 i 5.2 x 1078 
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The average time between collisions is obtained by dividing the 
mean free path by the average velocity. At room temperature the 
velocity is of the order of a hundred meters per second, so that the time 
between collisions at atmospheric pressure is about 107!9 sec. One 
molecule of a gas at standard conditions undergoes about 10!° collisions 
per second. 

In this development the assumption furthest from the truth is the 
representation of the molecules as rigid spheres. It is due to this simpli- 
fication that a mean free path independent of velocity, and therefore 
independent of temperature, was obtained. Actually, the molecules 
exert long-range attractive forces and short-range repulsive forces upon 
one another. It is then obviously rather difficult to define a collision 
and a mean free path, since each particle is at any time interacting 
with others, and is constantly suffering slight deflections of its path. 
This is borne out by experiments with sharply defined molecular beams* 
in almost perfect vacuum. The effective cross section of the remaining 
gas particles appears then to be much larger than that calculated from 
gas kinetic data, since a very small deflection effectively removes a 
molecule from the beam. However, a very small deflection corresponds 
to a transfer of only a small amount of momentum and energy and is 
therefore of no importance for the transfer of heat or the viscosity of 
gases. 

A better approximation for the expression of the mean free path was 
obtained by Sutherlandt by representing the molecules as hard spheres, 
of diameter do, which, in addition, attract one another. An appreci- 
able deflection of one molecule is obtained only if its sphere touches 
another one, and only in this case shall we speak of a collision. If a 
fast molecule travels past another one which is at rest, it will be but 


* O. Stern, Z. Physik, 39, 751 (1926). 
t W. Sutherland, Phil. Mag., (V) 36, 503 (1893). 
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slightly deflected. A slow molecule, however, approaching along the 
same line, may be deflected so much that it touches the other one, that 
is, it makes a collision. The effective cross section of a molecule in a 
collision depends then upon the relative velocity, and the average cross 
section upon temperature. One obtains 


(1, 48) d2 = (1 + ) 


where the quantity C, the Sutherland constant, is determined by the 
nature of the attractive forces. 


li. Viscosity 
The mean free path enters into the theories of all phenomena of 


propagation of physical properties over macroscopic distances. These 
are notably the transport of momentum, which is connected with the 
viscosity of gases; the transport of energy, or heat conduction; and 
the transport of mass, or diffusion, These three processes will be 
treated here in a rather crude manner. The averaging over different 
molecules will be done somewhat incorrectly, so that numerical factors 
are quite untrustworthy. A more exact theory, however, becomes 
very complicated. 

The mechanical set-up in an experiment for the determination of the 
viscosity of gases 1s usually such that the gas is contained between two 
parallel plane plates a distance a from each other. ‘The plates may be 
taken to be parallel to the zy plane and located at the height z = 0 
and z = a,respectively. The lower plate is kept at rest, while the upper 
one is moving with a constant velocity u in the z direction. 

If the distance a between the plates is large compared to the mean 
free path the gas “ sticks” to the plates: near the upper plate, at 
z = a, the average velocity of the molecules is 3, = uw; near the lower 
one, at z = 0,3, = 0. The average velocity at a height z between the 
two plates will be denoted by u(z) (compare end of section le). Since, 
owing to the random motions of the particles, equally many molecules 
from above and from below reach the height z, the average velocity 
u(z) will be a linear function of the height, namely, u(z) = uz/a. If 
the mass of the gas particles is denoted by m there exists a linear drop 
of average momentum 


(1. 49) G(z) = — 


Although equally many molecules from above and from below reach 
the height z during a second the ones from above will, on the average, 
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bring with them a greater value of G than the ones from below. There 
will therefore be a constant flow of momentum through any vertical 
plane. This flow, through a square centimeter per second, will be 
denoted by I'(z) and will be calculated presently. If the flow in the 
positive z direction is calculated, I'(z) will be negative. 

The momentum arriving at the lower plate, —I'(0), represents the 
force per square centimeter of surface which tends to move the lower 
plate in the same direction as the upper one. —TI (a) is the momentum 
lost to the gas by the upper plate per square centimeter of surface per 
second, or the frictional force counteracting the uniform motion. 

The ensuing calculation of ['(z), the flow of the phyisical quantity G 
per second through a square centimeter parallel to the zy plane at the 
height z, will be done without making use of the special form of G(z). 
The result may then be taken over immediately for cases in which any 
physical property G(z) varies with 
height. 

The number of particles of veloc- 
ity v = (vz,0y,02) which pass in a 
second through the square centi- 
meter in question is, precisely as 
discussed in the calculation of the 
pressure in section ld, equal to 
the number of particles which are 
located at the beginning within a parallelepiped the base of which is 
the square centimeter and the length of which is 7. The height of 
the figure is therefore | v, |, its volume | v, |, and the average number 
of particles in it |v.| X N(vz,vy,02)/V. If v,>0 the particles cross 
the surface from below; otherwise they come from above. The net 
flow of particles through the square centimeter, that is, the surplus of 
particles going from below to above, is obtained by integrating 
v2 X N(vz,vy,02)/V, without the absolute value sign, over all veloc- 
ities. In a stationary state the net flow of particles must be zero. 
If the velocity component -+-v, occurs just as frequently as —»,, 
that is, if the variation of G with height does not influence the 


Fia. 1. 4. 


cO 
distribution of the z component of the velocity, f UzN (vz,Vy,Vz) dvs 18 
— 


obviously zero. 

The particles arriving at the height z have traveled in a straight line 
since they underwent their last collision. On the average, they will, 
since that time, have traversed the distance I, if | signifies the mean 
free path. The last collision of a particle with velocity v’ has therefore, 
on the average, occurred at a height z’ which is given by z’ = z — (u,l/v). 


24 GAS THEORY (Sec. li 


The assumption is now made that at that collision the particle has 
come into equilibrium with its surroundings. The average value of 
the quantity G which the particles of velocity v’, coming from the height 
z’, bring with them is then 


(1. 50) G(2') = Glz — (vd /v)] = G(z) — vel alas 
v dz 
The net. flow of G, namely, the difference of the amount of G carried 
up through the plane and the amount carried downward, is obtained 
by multiplying (50) by the number »,N(v’)/V of particles crossing the 
surface in the positive direction, and integrating over all velocities, 


00 
(1.51) TG@)= o@ {ff Po. estate 
— 0 
Pe 7 
oP ff 
The first term, @(z) times the excess of particles streaming through the 
element of plane in one direction, 1s zero in the stationary state. The 
second term may be simplified by considering that in an isotropie space, 
on the average, 0} = v} = vy = (1/3), Actually, in the problem 
treated here, the velocity in the zx direction is somewhat different owing 
to the average motion of the substance in the x direction. However, 


the plate velocity wis very small compared to the gas kinetic velocities. 
One obtains then 


a i z dv, dv,. 


J pa N 
fs = ~ - ry) 
Ree) re) 3 ae yo" 


The minus sign in the formula shows that the flow takes place in the 
direction from higher to lower G values. If dG/dz is positive the flow 
in the +2 direction must be negative. 

In the special case of transport of momentum, aceording to (1. 49), 
di/dz = mu/a, one finds 


LN 
(1. 53) r= — a ml 


The frictional force per square centimeter of surface acting on the 
upper plate is usually written 
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yn, the coefficient of viscosity, has, according to (53), the value 


1N 
(1. 54) 7 = 3 VY mld. 


If equation (43) for the mean free path is inserted in (54), one obtains 


md 


1 
(1. 55) n= a 


The average velocity 5 is, according to (32),9 = 2(2kT/mm)'/?, This 
leads to 


1 
1. 56 = -- 
(1. 56) n 5( 


2 


T 


)" (mkT)*!2 


a 


This equation predicts that the coefficient of viscosity is independent 
of the density, or the pressure, a function of temperature only. This 
result was first deduced theoretically by Maxwell and considered at 
that time to be rather startling. Subsequent experimentation con- 
firmed the theoretical conclusion over a wide range of pressures. That 
the viscosity is independent of the pressure has since been regarded as 
a strong support of the kinetic theory. 

Gibson,* for instance, has measured the viscosity of hydrogen at 
25°C. in the pressure range from 11 to 295 atmospheres. The vis- 
cosity 7 is 894 X 107" poise (gm. em! sec.7!) at 10.92, 12.66, and 
15.28 atmospheres. It then increases gradually to 901 X 1077 at 60 
atmospheres, and 958 X 1077 at 294.7 atmospheres. The gradual 
increase does not exceed that expected from deviations from the perfect 
gas law, which are considerable at the higher pressures. 

The fact that the density N/V drops out of equation (56) comes 
about in the following manner. The number of particles arriving per 
second at the height z is proportional to the density. The mean free 
path, however, is inversely proportional to the density: at increasing 
density the molecules have made their last collision closer to the z plane 
in question and therefore bring with them values of G which are more 
nearly equal to G(z). 

At very low pressures deviations from (56) are observed; 7 begins 
to decrease. This is due to the fact that the assumption that the gas 
sticks to the plates becomes invalid when the mean free path is compa- 
rable to the distance a between the plates (see Problem 1. 4). 

Equation (56) predicts further that the viscosity increases propor- 


*R. O. Gibson, Dissertation, Amsterdam, 1933, given in Landolt-Bornstein, 
Fg. IIIa, p. 189. 
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tionally to 7'/?, Actually, a much stronger dependence on temper- 
ature has been observed. If, instead of a temperature-independent 


molecular diameter, the Sutherland approximation (48) 1s used, one 
obtains 


9 3/2 1/2 
(1. 57) ee 3(2) ee 
d? (1 + =) 


where the constant C, a function of the attractive forces, 1s unknown. 


If C is properly adjusted, satisfactory agreement between observed and 
calculated data is obtained. 


1j. Heat Conduction 

If there is a gradient of temperature in the z direction, the average 
energy per molecule, €, will vary with height. We wish to calculate the 
flow of energy through a plane at the height z and therefore, in the 
equations of the previous section, have to replace the quantity G by 


7 dG de aT 
(1. 58) G(z) = €(z), ae 


de/dT is connected with the heat capacity Cy at constant volume. Cy 
is defined as the increase of energy with increasing temperature for a 


mole of substance; that is, for No molecules, if No is Avogadro’s num- 
ber, 


dH de 
(1. 59) Cy = on = Noa 
This leads to 
dG Cy dT 
1. 60 —- = — —. 
( ° ) dz No dz 


By inserting (60) into (52) the flow of heat through a square centi- 
meter parallel to the zy plane at the height z is found to be 


1 NCy dT 
(1. 61) Me) = —- 30H’ =@ 
This is usually written 
re) = «eS 
ee dz 
The heat conductivity, x, is then 
1_N Cy 
1. =-(— —Y?, 
(1. 62) K 3! Vv No v 
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Comparison with (54), considering that mNo is the molecular weight 
M gives the relation — 


(1. 63) pete. 


Cy/M = cy isthe specific heat per gram of substance, so that ncy/x = 1. 
A more exact theory still predicts this quotient to be constant, but 
somewhat different from unity. In Table 1. 1 the quotient has been 
calculated for a few monatomic gases* from the values of « and y given 
in Landolt-Bérnstein. cy was calculated from the energy relation (14) 
and the molecular weight. 


TABLE 1. 1 


Substance x < 105 n X 105 cy ncy/K 
Helium ........ 33 63 19.41 0.745 0.402 
Neon.......... 10 92 31.11 QO 149 0.424 
Argon. ......... 4.06 22.17 0.74 0.404 


K in cal. cm.~! sec.~! deg.~!; 9 in c.g. units; cy in cal. degree}. 


1k. Diffusion 

If two vessels connected by a tube with a stopcock are filled with two 
different gases, and if the stopcock is then opened, molecules will flow 
from the vessel with higher pressure to that of lower pressure. If pres- 
sure and temperature on both sides of the stopcock are equal there will 
be no streaming of gas. However, owing to the random heat motion, 
particles of kind 1 will drift into the vessel which originally contained 
particles of kind 2 only, and vice versa, until finally both vessels are 
filled with a uniform mixture of the two gases. This phenomenon is 
called diffusion. 

For the calculation of the rate at which this process takes place an 
idealized experiment is considered. Assume a tube (of infinite diam- 
eter) to be filled with a mixture of two gases of kinds 1 and 2. Let the 
axis of the tube be the z direction, and assume that the composition of 
the mixture varies along z. The density of molecules of kind 1, that is, 
the number of molecules of kind 1 per cubic centimeter, which shall be 
denoted by m1, and the density of molecules of kind 2, ne, will then be 


* We have compared here data for monatomic gases only. For these gases the 
total energy is the kinetic energy of translational motion, equation (14). Poly- 
atomic molecules possess, in addition, internal energy (Chapter 6). It is question- 
able whether this energy will be readily transferred from one molecule to another 
in every collision. 
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functions of z. If we stipulate that pressure and temperature are uni- 
form throughout the vessel, the equation of state of the perfect gas 
demands that the total density of molecules, n = n1(z) + na(z), be 
constant everywhere. This leads to 

d d 
(1. 64) n = ni(z) + no(z); as + asi | 

dz dz 
Since the distribution of velocities is independent of the density of the 
gas, the number of particles of each kind per cubic centimeter with a 
certain velocity v’ may be written 


(1.65) 9 mi(v,2z) = m(z\fi(v), —- na(0,z) = neal(z)fo(r), 


where f; and fe are independent of z. Indeed, f1(%’) is essentially the 
Maxwell distribution function, only normalized in such a fashion that 


ie @) 
f f fi(v’) dv, dv, dv, = 1. The average magnitude of velocity of 


ak? °) 
the particles of kind 1 is independent of z and given by 
fo a) 
(1. 66) 1 = ff. | v| fi(v) do, doy dr. 
— 00 


A corresponding equation holds for molecules of kind 2. 

The random motion of the molecules tends to bring about a uniform 
mixture of the gases. If dni/dz > 0, that is, if the concentration of 
particles of kind 1 is greater at larger height, there will be an excess of 
these particles streaming through a plane at the height z in the down- 
ward direction. The net flow of particles of kind 1, through an area 
of 1 em.? of the plane perpendicular to the z axis, at the height z, in the 
direction of positive z, I',(z), will then be negative. It is usually 
written 
(1. 67) T(z) = ai, 

dz 
where D, is the diffusion constant. 

The flow is calculated in precisely the same manner as in section 11. 
A particle of kind 1 and velocity v’ arriving at the height z comes, on the 
average, from a height 2’ = z—(v,1,/v), where J, is the mean free path 
of the molecules of kind 1. The density of such molecules at that height 
is 


(1. 68) m(V 2) = m(z)fi(v) = m(e)fi(v) — = on 


dz 


fi(v). 
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The number of such particles crossing a square centimeter of a plane 
at the height z in the +2 direction per second is then 


2 
(1. 69) v.ni(0,2’) = MN) (z)v.f1(’) = 2h “he ). 


The expression (69) is positive for all particles coming from below, that 
is, with », > 0; negative for those coming from above. The excess of 
particles going in the positive direction, Tj, is, therefore, obtained by 
integrating (69) over all velocities. The first term vanishes, as before, 
leading to 


d 
(1. 70) nC ee = ff AB) db, doy doz. 


The integral is simply the average value of »2/v. Since all directions 
of the velocity are equally probable, »27/v = (1/3). The diffusion 
constant of the molecules of kind 1 is therefore 


(1. 71) D, — + ty v1. 


Similarly, one obtains for the flow of particles of kind 2 


1 
(1. 67’) a 9 it 
dz 
with 
(1. 71’) Dz = 4 le dp. 


By inserting into these equations the value of the mean free path 
(44) one obtains 


4 : 
(1. 72) D,; = 35 v1 (4nd? + no(ay -++ dz2)2|"', 
is 
, 4 € D) —] 
(1. 72°) D2 = 3, U2 [ni (di + d2)* + 4nedg\~. 


The D’s are inversely proportional to the density. If n is expressed 
with the help of the perfect gas law, n = N/V = P/kT, one obtains 


4 kT 
(1. 73) D; = 35 4a = (ds + i) | ’ 
(1. 73°) Di= = Pp 7 (di + da) +47 de 
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It is seen that D, and D2 depend on the relative concentrations, n1/n, 
n2/n, but not very strongly, since the diameters of the molecules will 
not be vastly different. If the difference between the diameters 1s 
neglected one gets a relation between the diffusion constant of a gas 
and its viscosity coefficient, 

Vn 


D=& 
~ Nm 


This equation can at least be used to obtain the order of magnitude of D. 

In general, the two diffusion constants D; and De for the two kinds 
of particles are different, D; 4 De. It is then easily seen that the 
constants calculated in this manner cannot possibly be those which 
are observed in a closed tube. The total flow of particles in the 
+z direction may be calculated by using the relation (64), 

_ _ dn dne _ dny 

(1.74) T=y+Te= —Di ~~ — Da = —(D,; — De) 7 ’ 
and it is seen that this does not vanish. This means that the density 
of particles, n, and therefore the pressure, do not remain constant 
throughout the tube, but, if TI’ is positive, increase in the upper part. 
This absurd result is usually corrected by assuming that upon the cal- 
culated diffusion there is superimposed a uniform motion which Just 
counteracts the increase in pressure. This uniform motion corresponds 
to a velocity —I'/n per particle, and a flow —(n,/n)T and — (ne/n)T 
of particles of kinds 1 and 2, respectively, through a square centimeter 
at the height z in the +2 direction. 

If this flow is added to the one previously calculated, one obtains the 
corrected diffusion 


* 7b] no My 


(1. 75) Venere ties 
ih 7 7 
ee (“ D, +2 Da) Ls Sa 
n nr dz dz 
2 | d 
(1.78) ite — (“o, 4 “4 py) = py M2, 
n n dz dz 


The new diffusion constant D* is equal for the two kinds of particles. 
The particles of kind 1 diffuse downward just as rapidly as those of 
type 2 diffuse upward, and the pressure remains constant. 

It is seen that D* depends greatly upon the composition of the mix- 
ture. The diffusion rate will therefore be considerably different at dif- 
ferent heights in the tube. 
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11. The Scope of Statistical Mechanics 

The problems and methods of the preceding few sections are quite 
typical of the problems and methods of statistical mechanics. It is 
true that they were particularly chosen as illustrative because their 
handling required the introduction of a comparatively small number 
of new terms and concepts, and also required no preliminary elaborate 
eral, problems are undertaken, it will be found advisable to shorten the 
total labor necessary to solve all of them by the preliminary proof of a 
number of general theorems, and the development of general methods 
which will find wide applicability. It is essentially these theorems and 
methods which make up the science of statistical mechanics. 

One of the most characteristic features of the usual statistical mechan- 
ical problem is the enormity of the number of clementary particles 
which go to make up the system treated. In dealing with the perfect 
gas, the assumption of a large valuc of N was necessary to assure the 
very existence of a constant pressure on the walls of the vessel and to 
lend a useful significance to the velocity distribution function, N(v). 
The statistical method makes possible the calculation of the probability 
of any arbitrary distribution, and for many sciences, notably the bio- 
logical and sociological sciences, in which investigations are made with 
systems containing a relatively small number of units, the calculation 
of the probability of an abnormal distribution is of importance. In 
physics and chemistry it is true that experiments exist which show the 
presence of fluctuations from complete equilibrium, and _ statistical 
mechanics has been applied to the calculation of the probability of such 
fluctuations, but this part of statistical mechanics will not be of such 
great interest to a chemist. In most chemical and physical systems, 
the deviations from the equilibrium value shown by most of the observ- 
able properties which one attempts to calculate by statistical methods 
are either infinitesimally small or negligibly rare. It 1s sufficient to 
calculate the most probable, or the average, value of the observable 
property, and to treat this as though it were the only possible solution. 

In section le it was found necessary to assume the existence of forces 
between the molecules, in order to assure the existence of a mechanism 
by which equilibrium could be established. However, it was unneces- 
sary to specify the nature or magnitude of these forces, except to assume 
that they were not too large. One of the greatest advantages of the 
science lies in the ability to obtain general results without the necessity 
of too detailed a knowledge of all the characteristics of the material 
handled. 

In this particular case, the calculation of the Maxwell-Boltzmann 
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distribution law, the dependence of the force acting between two mole- 
cules on the distance between them, determines the frequency of col- 
lisions in the gas, and therefore the rate at which the equilibrium dis- 
tribution of the molecules in the various velocity ranges would be 
attained. This rate, of course, was not calculated. We have no method 
of ascertaining, without recourse to a more complicated calculation, 
whether it might take fractions of a second, or years, to attain equl- 
librium. We know, however, what to expect after equilibrium has been 
attained. This is characteristic of many of the methods and problems 
of statistical mechanics, problems in which the static properties of the 
material are calculated; the mechanism by which the stationary state 
is reached has no effect on the results, but, conversely, the speed with 
which equilibrium is attained 1s not determined. 

Certain very important relationships between some of the experi- 
mentally measurable properties of a system may be deduced by means 
of thermodynamics. As will be shown later in this book, the laws of 
thermodynamics may be explicitly derived as consequences of the 
fundamental assumptions of statistical mechanics. Thermodynamics 
may then be regarded, to a certain extent, as a part of statistical mechan- 
ics. Many who are more familiar with the thermodynamic method 
will consequently hasten to formulate many statistical problems in 
thermodynamic terminology, and to solve them by thermodynamic 
methods. Tor that reason, one of the most. useful services of statistical 
mechanics is to give a prescription for the calculation of the values of 
the thermodynamic functions of a system from the mechanical proper- 
ties of its constituents, 

One of the more recent and, for the chemist, one of the most fruitful 
accomplishments of statistical mechanics has been the accurate calceu- 
lation of the free energy, entropy, and specific heat of many of the 
simpler gases from spectroscopic information. 

In the examples treated so far, no fundamental assumptions were 
made except the validity of the laws of mechanics. This will be found 
to be generally true. The fundamental axioms of statistical mechan- 
ics are the fundamental laws of mechanics. Statistical mechanics is, 
as the name implies, the application of the statistical method, with the 
laws of mechanics, to systems for which, because of their great com- 
plexity and size, the detailed methods of mechanics would be valueless. 


CHAPTER 2 
MECHANICAL AND QUANTUM-MECHANICAL PRELIMINARIES 


(a) Introduction. (b) Coordinates. (c) Momenta. (d) Classical 

Mechanics and Phase Space. (e) The Uncertainty Principle. (f) Quan- 

tum States. (g) Quantum States of Some Simple Systems. (h) The 

Combination of Independent Systems. (i) Equal Probability of Single 

States. (j) Liouville Theorem and Equal Probability in Phase Space. 
(k) Identical Particles, Kinstein-Bose and Fermi-Dirac Systems. 


2a. Introduction 

Although the axioms of statistical mechanics are those of mechanics, 
no great familiarity with the more detailed methods of mechanics is 
required for the application of statistics to a system. One may go far 
in statistical mechanics with a rather elementary knowledge of the laws 
of mechanics or of quantum mechanics. 

The necessary axioms and concepts will be discussed in some detail 
in this chapter. Before entering upon this task we wish to sum them 
up In a few words. The most accurate description of the instantaneous 
state of a system obeying the laws of classical mechanics consists in 
giving the values of all the coordinates of the system, and of all the 
momenta conjugated to the coordinates. If f, the number of degrees 
of freedom of the system, is the total minimum number of coordinates, 
then the 2f dimensional coordinate-momentuim space is called the phase 
space of the system. 

The point describing the state of the system moves through this phase 
space along a path, and with a velocity, determined by the laws of 
classical mechanics. The calculation of this path and velocity may be 
a very complicated problem, and fortunately concerns us practically 
not at all. 

The only property of the motion of this point through the phase 
space which it is necessary for us to know and to use is the following: 
If a system, known to have an energy lying between # and E + AE, is 
isolated, so that its state point moves through the phase space belong- 
ing to this energy range, it will, on the average, over a long period of 
time, spend equal times in equal volume elements AW of the phase 
space, whatever their location. 

33 
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It is this property of the phase space, or coordinate-momentum space, 
which makes it uniquely useful in the description of the mechanical 
state, and which leads us to choose it, rather than, say, the coordinate- 
velocity space, for the description of the state of the system. 

That the knowledge of this one theorem stating the equal probabili- 
ties of equal volumes in phase space is so powerful a tool may be illus- 
trated as follows: Every conceivable instantaneous property of a 
system is determined by the 2f values of the f coordinates and f momenta. 
In short, any function, such as the pressure P on a certain area element 
of the wall of the container, may be expressed as a function of the 
position of the system in the phase space. This pressure P will actually 
vary with time, but its time average value represents the pressure which 
igs experienced thermodynamically. Since the system spends, on the 
average, equal times in equal volume elements dW of phase space, 


consistent with given total energy, the average pressure P will be 


P= {Pdw/JS dW, the average value in the phase space, where both 
integrals are taken over that region of phase for which the energy lies 
between # and & + AE. 

All real systems obey the laws of quantum mechanics, which are 
somewhat different from those of classical mechanics. Our language is 
then slightly altered, although the fundamental concepts are not greatly 
different. 

Quantum mechanics is characterized by the occurrence of stationary 
states of discrete energy. ‘The coordinates and momenta of the system 
in one of these states are determined only within a certain range, so 
that the quantum state corresponds to a cell of volume A/ in the phase 
space. These cells fill up the phase space complctely. The quantum- 
mechanical analogue to the classical theorem of equal probability of 
equal volumes of phase space has then the simple form: All (non- 
degenerate) quantum states of the allowed energy are equally probable. 

This theorem of equal probability for the quantum states, with some 
very general characteristics of the methods of counting the states of a 
system from those of its parts, is all that is used in Chapters 3 and 4 of 
this book to derive the general laws of thermodynamics, and to show 
the methods by which the thermodynamical properties of a system may 
be calculated. 

In the subsequent chapters these methods are applied to special 
systems. It then becomes necessary to use some of the more detailed 
results of quantum-mechanical calculations for the constituent mole- 
cules. For instance, the equations for the energy levels of monatomic, 
diatomic, and polyatomic molecules in terms of their quantum numbers 
are used in calculating the free energies of gases composed of these 
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molecules. Actually, the numerical values of the energy levels are 
always taken from experimental spectroscopic tabulations. 

It is not necessary for the student to be able to solve the relatively 
involved differential equations giving the energy levels of these mole- 
cules, or even to know how the solutions are made. The results of the 
solutions are actually used as type forms into which the experimental 
data can be fitted, and serve as useful methods of extrapolating energy 
values for the higher quantum numbers. 

In the subsequent sections of this chapter we have gathered all the 
mechanical information that is needed later. The fundamental con- 
cepts are discussed in detail and illustrated with some simple systems. 
These examples have been chosen as those for which the energy levels 
have to be used in later calculations. 

The one fundamental theorem of equal probabilities of quantum 
states, or equal phase volumes, is stated and proved, both as a quantum- 
mechanical, and as a classical, theorem. 


2b. Coordinates 

In order to treat the system mathematically it 1s necessary to intro- 
duce coordinates, by which the position of each constituent is described. 
There exists a fixed minimum number of coordinates which are needed 
to determine fully the position of a particle. For all cases that interest 
us here this number coincides with the number of degrees of freedom 
and will be denoted by f. If the particle is a point in space it is f = 3; 
for two mass points which are restricted to stay at a fixed distance from 
each other (dumb-bell) we have f = 5, ete. 

The coordinates for the description of a particle can be chosen in sev- 
eral different ways. For a point particle, for instance, we may use 
Cartesian coordinates, z, y,2, cylindrical coordinates, or spherical 
coordinates, but invariably three will be required. When the forces 
acting on the particle are known, convenience will usually dictate the 
choice. For example, the positions of two mass points acting upon 
each other with a force dependent only on their distance, r, can be 
described completely by the Cartesian coordinates of each point. It is 
more advantageous, however, to introduce six new coordinates, namely, 
the distance, 7, between the points; the three coordinates of the center 
of mass, X, Y, Z, and two angles, which determine the orientation of 
the main axis, the line joining the two mass points. These angles are 
usually measured with respect to a coordinate system fixed in space, 
in such a way that @ denotes the angle between the main axis and the 
fixed z axis, ¢ the angle between the projection of the main axis on the 
xy plane and the z axis. If the distance between the mass points is 
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rigidly fixed, the last five of these coordinates alone determine the 
position of the system completely. The same coordinates can be 
used to describe the position of an infinitely thin rod. If the rod is 
restricted to motion in a plane only, three coordinates, two for the 
center of mass and one angle, are sufficient. 

If the set of coordinates used is not explicitly specified they will be 
referred to as generalized coordinates, and designated by the letter gq. 


2c. Momenta 

The state of motion of the system is defined by the values of the 
coordinates g, and the velocities, that is, the derivatives of the coor- 
dinates with respect to the time. Time derivatives will always be 
denoted by a dot, namely, dg/dt = q. Instead of the velocities we 
prefer to introduce the generalized momenta, which are obtained with 
the help of the kinetic energy. 

The kinetic energy of one mass point is given by the well-known 
formula (2), which follows. For a system of several mass points the 
total kinetic energy, T, is obtained by adding the kinetic energies of the 
individual points. The Cartesian coordinates of the mass points, which 
will, in general, not be independent, can now be expressed as functions 
of the generalized coordinates gq. By differentiating these relations with 
respect to the time, and putting them into the expression for T, one 
obtains the kinetic energy as a function of the generalized coordinates 
and velocities, T(q,¢). (The one symbol g is always meant to stand 
for all the coordinates, g,, d2,. . ., gs, and correspondingly g for all the 
velocities. If the system has f degrees of freedom T will depend on all 
f velocities g, and may depend on some or all of the coordinates, that is, 
it will be a function of between f and 2f variables. ) 

The momentum conjugate to the coordinate q,, designated by p,, is 
defined as the partial derivative of the kinetic energy with respect to the 
velocity 4,, 


OT 
2. 1 ,=—- 
(2. 1) Py = og 
For example, the kinetic energy of one point particle has the form, 
(2, 2) T = gm(@? + 9? + 2), 


where m denotes the mass, and Cartesian coordinates have been used. 
This leads to the ordinary relation between linear velocity and linear 
momentum, 


(2. 3) ae ME; Py= MY; Pz = Me. 
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Relations (1) can always be used to express the velocities as functions 
of the coordinates and the momenta and to eliminate the q’s from T, 
obtaining instead T as a function of the coordinates and the momenta, 
T(q,p). In this special case we find 


2m 


The kinetic energy of two mass points with masses m, and mg can be 
expressed either in Cartesian coordinates as the sum of two expressions 
of the type (2), or in the coordinates of the center of mass, X, Y, Z, 
the distance r, and the angles 6 and ¢, discussed in section 2b. In the 
latter coordinates it takes the form 


1 
(2, 2’) T= sma ( 72 + p, + p2): 


(2.4) T= mem ear 4 2 4 
re MMe (9 on} 1 mm. 
Ny, eae Se of Gn2p a? 1 mma 
2m + mg ve a ener 


Introlucing the abbreviations: the total mass M = m, + me, the 
reduced mass p= ™Me/(m, + me), and the moment of inertia 
I(r) = pr’, this becomes, 


(2. 4’) = 4M(X?7+ Y? + Z?) + 31(6? + sin’9 ¢”) + dui’. 
From this, according to (1), one obtains the momenta, 

(2. 5) pr = MX, p=MY, p= MZ, 

(2. 6) pe =I(r)6, py = I(r) sin6 4, 

(2. 7) Dr = bh. 


The first three expressions are analogous to those obtained in (8) for p, 
as a function of z. In fact, the momenta conjugate to the Cartesian 
coordinates of the center of mass are always given by (5). p, and 
Pg are two components of the angular momentum p. 7, is the compo- 
nent along the z axis, (9 = 0 axis), and p, that in the variable direction 
normal to both z and the main axis. Elimination of the velocities out 
of (4’), with the help of (5), (6), and (7), leads to 


1 
(2.4) T(p,g) = AT; (p; + py + pz) + 
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If the distance r between the two particles is rigidly fixed, 7 will 
be zero, the last term in (4), (4’), and (4’’) will be absent, and the 
moment of inertia J will be a constant. In this case the coordinates 
and momenta obtained can also be used to describe an infinitely thin 
rigid rod, with M the total mass of the rod, and J the moment of imertia 
with respect to the center of mass; or, indeed, to describe any rigid 
body for which one of the three principal moments of inertia is zero 
and the other two are equal. 

It is important to notice that it follows from (1) that the product of 
a coordinate and its conjugate momentum has always the dimensions 
of energy multiplied by time. 


2d. Classical Mechanics and Phase Space 

In all mechanical problems concerning us here the forces acting on 
the particles of the system will depend on the position only and, more- 
over, will be of the special type called conservative forces. ‘This means 
that there exists a function U of the coordinates of the system, called 
the potential energy, which has the property that the force acting on 
any point particle constituent of the system in any, say the z, direction 
is given by the negative derivative of U with respect to the x coordinate 
of that point, 


(2. 8) rea i 


For forces of this nature the law of conservation of energy holds: the 
sum of kinetic and potential energy of the system is constant during 
the motion. This theorem will lead us immediately to the first law of 
thermodynamics. 

If we express T as a function of the coordinates and momenta, we 
shall designate the sum of ‘the kinetic and potential energies by the 
letter H, and have, therefore, the relation 


(2. 9) H (p,q) = T(p,q) + Ug) = EZ, 


where E denotes the constant value of the energy. H(p,q) is called 
the Hamilton function of the system. It should be pointed out that in 
more general cases than those considered here H (p,q) may not coincide 
with the energy. 


Using the Hamilton function, the equations of motion can be expressed in 
the so-called canonical form 


(2. 10) ===. ofe—os 
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If the forces between, and the outer forces acting on, the particles 
are given, the laws of classical mechanics (for instance, in the form 
[10]) permit the calculation of the motion of the system, that is, of the 
numerical values of all the coordinates and the momenta, as a function 
of time. There exist very many different solutions of the equations of 
motion. For a system of f degrees of freedom the motion is uniquely 
defined only if 2f arbitrary ‘initial conditions’ are prescribed, for 
instance, the numerical values of all the coordinates and momenta (or 
velocities) at a certain time tf. Exact knowledge of the state of the 
system at one time enables one to determine its exact behavior in the 
future. 

Instead of fixing the 2f arbitrary constants of the solution by giving 
the initial values of the p’s and the q’s, it is of course equivalent to 
stipulate the initial values of any 2f independent functions of the coor- 
dinates and momenta. Since the energy is fully determined by the 
initial conditions and, moreover, remains constant during the motion, 
it is very often preferable to choose these functions 1n such a way that 
the energy is one of them. 

A useful concept for the illustration of the motion of the system, and 
one that plays an important role in classical statistics, is the “‘ phase 
space,’ a space of 2f dimensions, the axes of which are all the coor- 
dinates and momenta of the system. At any time the state of the 
system is given by one point in this space; in time the system travels 
along some perfectly fixed path, which can, in principle, though not 
always in practice, be calculated from the laws of mechanics. Through 
every point in this space there passes‘ only one possible orbit of this 
system. 

Since, as we have already noted, the product of any coordinate and 
its conjugate momentum has the dimensions of energy times time, the 
dimensions of a volume element of the phase space of f coordinates and 
f momenta will be those of the f’th power of energy multiplied by time. 
If different coordinates are chosen for the description of the same 
system, phase spaces are obtained in which the paths of the system look 
entirely different. The dimensions of the volume element in two dif- 
ferent phase spaces of the same system are the same, however. Further- 
more, it can be shown that all points filling the volume element AW 
in one phase space of the system fill precisely the same volume in any 
phase space obtained by different coordinates. 

It can be scen readily that a mere change of scale of one coordinate 
of a system does not alter the phase volume, since, from equation (1), 
a change from x to x’ = az brings about a change in the corresponding 
momentum from p, to p,’ = p,/a, if the units of energy and time are 
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held constant. The general proof can be found in Gibbs* that the 
Jacobian leading from one set of coordinates and conjugate momenta 
to another such set is unity. 

The reasons for choosing the space of coordinates and momenta 
instead of that of coordinates and velocities, or of coordinates and some 
other functions of the velocities, are intimately connected with these 
considerations, and with the Liouville theorem, discussed in sec- 
tion 2). 

For one point particle which is restricted to motion along a straight 
line, the x axis only (bead on a string), the phase space has two dimen- 
sions, and the coordinates x and p,. If the point is under the influence 
of no forces, the Hamilton function consists of the kinetic energy 
T = (1/2m)p?, and the equations of motion lead immediately to 
p, = 0, or pz = constant. The possible paths of the system consist 
therefore of straight lines of constant p,, parallel to the x axis. If the 
particle can move in a plane, with coordinates x and y, the phase space 
has four dimensions. In the absence of outer forces, p, and p, are con- 
stants, and the paths of the system are again straight lines, lying in the 
two-dimensional planes of constant p, and p,, normal to the pz and p, 
axes. Tlimination of the time from the equations for the path shows 
that the x and y coordinates are connected by the relation pyr — 
Pry = constant. 

The points corresponding to one value of the energy E form a sur- 
face of dimension 2f — 1 in the phase space, which divides the space 
into two parts, one of higher and the other of lower energy. Obviously, 
surfaces of different energy do not intersect. The paths or orbits of a 
system lie in these surfaces. In the first example quoted, the surfaces 
of constant energy coincide with the lines of constant p,; in the second 
one they are three-dimensional, independent of z and y, and their inter- 
sections with the pz, py plane form circles around the origin, pz + p; = 
2mE. 

We will later be interested in systems made up out of N independent, 
identical subsystems (the molecules), which we shall, for convenience, 
term particles. The phase space of the individual constituents of 
dimensions 2f is called the ‘u-space (the molecule space). The con- 
figuration of the total system is given by N points in this p-space. The 
phase space of the total system, in which one point describes the loca- 
tions and momenta of all particles, has the dimension 2fN, and is 
called the y-space (the gas space). These concepts will be used con- 
tinuously in subsequent chapters. 

* J. Willard Gibbs, Collected Works, Longmans, Green, New York, 1928, Vol. II, 
Part 1, p. 14. 
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2e. The Uncertainty Principle 

Quantum mechanics introduces a change in these concepts of the 
motion of a system in phase space. Classical theory always takes for 
granted that all coordinates and momenta can be measured with any 
desired accuracy; that the reaction upon the system of the act of meas- 
uring a quantity can be made arbitrarily small, since the sample body 
with which we measure can be made as small, and the light by which 
we see as weak, as we want. Now we know that this is not so, and that 
there is not only an experimental but even a theoretical limit below 
which the influence of the measurement on the measured system cannot 
be suppressed. The measurement of a coordinate of a particle neces- 
sarily changes the momentum conjugate to that coordinate, by larger 
amounts the more accurately the measurement of the coordinate is 
made, and changes it in an unpredictable way. 

The type of argument by which this 1s shown may be indicated by an 
example. If, for instance, we want to measure the position of an 
electron (or even the position of a larger body) with the help of an ideal 
microscope, we cannot possibly hope to determine it within a smaller 
range, Ag, than the wavelength, A, of the light by which we are observing; 
light of short wavelength will therefore be more advantageous. For 
the measurement we have to usc at least one quantum of energy, and 
for light of frequency v this has the energy hv and the momentum hy/c, 
in which his Planck’s constant of dimensions energy multiplied by time, 
and numerical value 6.626 X 1072” erg second, and c the velocity of 
light. In the process of measurement the quantum transfers all, or 
part, of its momentum to the measured particle, so that after the obser- 
vation the momentum p of the particle will be altered by some amount 
which can be as much as hy/c. Since v: dA = c, the product of the range 
Aq, within which q was determined, and the range Ap, within which p 
was changed by the measurement, is at least 


(2. 11) Ap: Aq = h. 


Similarly, an observation of the momentum brings about a change in 
the coordinate. On account of this reaction of the measured system to 
the measurement it is impossible, even with an idealized experiment, to 
determine both the coordinate q and its conjugate momentum p for any 
system exactly, and all quantitative investigations show that they can 
be determined simultaneously only within accuracies Ag and Ap, respec- 
tively, such that (11) holds. 

Now it is one of the characteristic features of quantum mechanics 
that it answers questions of experimental significance only; statements 
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about quantities that cannot be experimentally verified are sacrificed 
in order to obtain correct results for measurable magnitudes. We have 
just discussed the fact that the exact value of the coordinate and its 
conjugate momentum can never be determined simultaneously by 
experiment. It is therefore not surprising that the inequality (11) 
follows from the fundamental principles of quantum mechanics and is 
known as the Heisenberg uncertainty principle. 

The uncertainty principle means that p or q can be determined with 
absolute accuracy, but that if so the conjugate quantity is absolutely 
unknown. Many ingenious ways have been tried to construct in 
thought an experiment that would permit detcrmination of p and q 
more exactly than the Heisenberg principle allows, but none has ever 
been, or should ever be, found. The example we gave above is incom- 
plete in that we showed only that a change in p as large as Ap = hy/c 
occurred, but did not prove that it is impossible to say with greater 
accuracy which change did occur. 

As 1s made likely by the discussion of the reasons for 1t, the uncer- 
tainty principle does not affect the results of classical mechanics for 
large and heavy bodies. For these, given absolute uncertainties of 
Ap and Ag, in agreemént with (11), mean a percentage error so small as 
to be quite negligible; also a given deviation in the momentum, mass 
times velocity, means a small uncertainty of the velocity alone. That 
an inaccuracy of the initial conditions does not grow in time follows 
from the Liouville theorem treated in section 2). 

The most accurate statement about the system that can be made in 
agreement with the uncertainty principle is that the system is in a 
“ cell’ in phase space of volume A’. 


2f. Quantum States 

The state of a system in quantum mechanics must then necessarily 
be defined in some different, less precise, way than by the stipulation of 
the values of all the momenta and coordinates. 

Let us for a moment restrict ourselves to systems of one degree of 
freedom. We found before that instead of coordinate and momentum 
we could as well use the values of energy and coordinate for the descrip- 
tion of the classical state. The law of conservation of energy is known 
to hold for quantum-mechanical processes as well as for classical ones. 
Therefore, the energy of a state is a quantity of physical significance 
and can be used as a partial description of it. If we know the energy, 
however, we can no longer hope to determine the coordinate exactly, 
for that would amount to a complete fixing of the classical “ state,” 
and be in disagreement with the uncertainty principle. Instead, we 
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can calculate only a certain function of the coordinate, called the 
‘““wave function ” or “ eigenfunction ” of the system, designated by 
¥(q). This function, sometimes complex, has the physical significance 
that its absolute value squared,* | y¥(q) |”, a real quantity, multiplied 
by Ag is the probability of the coordinate having a numerical value 
between g and g + Aq, for the given energy of the system. If the 
system is an electron, and gq designates its position, e| ¥(q) |? is the 
average electric density at the place q due to the motion of the electron; 
it describes the cloud of electricity into which the electron seems to 
dissolve. 


The W function is calculated with the help of the Hamiltonian. In this 
function the momentum 7 is replaced by the differential operator (h/27t) (d/dq), 
and the differential equation for the determination of y becomes 


h d 
(2. 12), I (5 a): y= i -y, 


which, in Cartesian coordinates, amounts to 


ACD) 


Sr2m dx? 


+ U(r) - (x) = B- y(z), 


where HE is the value of the energy. We have to demand that the solution y, 
and its derivative, be continuous and finite everywhere, and that it have the 
property of a probability function, 


(2. 13) f l vg) l2dy = 4, 


namely, that the probability of finding the system somewhere is unity. If the 
range of the coordinate q is finite, this condition can always be fulfilled, since 
multiplication of Y by any constant does not alter the fact that it is a solution 
of (12). If the range of q is infinite, however, (13) imposes the condition that 
Y go to zero as q goes to infinity sufficiently strongly so that the integration 
can be performed. 


It is a mathematical fact that for a system confined to a finite volume 


* An imaginary number, bi, is the product of a real number 6 times the imaginary 
unit, 7 = (—1)!/?.. A complex number y is the sum of a real number a, and an 
imaginary number bi, y = a+ bi. The quantity a* + b? is referred to as the 
absolute value squared of y, |y |? = a? +0”. In case the imaginary part of y is 
zero, b = 0; that is, if y is real, then the absolute value squared is just the square 
of the real number, | y |? = y?. 

Except in the presence of magnetic fields the quantum-mechanical eigenfunction 
can always be chosen real. The reader unfamiliar with complex numbers may 
therefore forget about the absolute value sign, and think of | y |? as y?. 
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range* a y function satisfying these conditions can be found only for 
certain discrete values of the energy E, called the energy levels of the 
system. These levels can be numbered consecutively by integers n, 
the ‘“ quantum numbers,” in such a way that n = 0 usually designates 
the lowest energy level of the system, higher n’s corresponding to higher 
energies. We denote energy and y function belonging to the nth level 
by E, and y,. For these systems of one degree of freedom the phase 
space is two-dimensional and the points of constant energy form non- 
intersecting lines in it. The lines corresponding to the energies E, of 
the permissible levels subdivide the phase space into cells. The volume 
of these cells, really an area of physical dimensions energy multiplied 
by time, is exactly h. The statement that the system has the quantum 
number n is then the most accurate possible description of its state that 
can be made without violation of the uncertainty principle. A quan- 
tum-mechanical state is therefore defined by the quantum number. 

The occurrence of discrete energy levels is an experimental charac- 
teristic of the behavior of atoms and molecules. Classical mechanics 
was unable to explain this phenomenon, since by its laws the energy 
can always have a continuous range of values. In systems of large and 
heavy bodies the levels lie so close together that the energy is for all 
purposes continuous, and classical mechanics is the limiting case of 
quantum mechanics, applicable to large and heavy bodies. 

For systems of more than one degree of freedom the wave function 
will depend on all f coordinates. | ¥(q1,-°-q@,) |7Aqi:-: Ags is the 
probability of the coordinates having simultancously numerical values 
between qi,°°+, Gs, and q; + Aqi,:-:@y + Agy, respectively. Every 
discrete energy level can be designated by f quantum numbers 
ni,°*+,N,, each capable of taking integral values only. The quantum- 
mechanical state of the system is defined if all f quantum numbers are 
known. 

The states of the system are packed into the phase space in such a 
way that each corresponds to a volume A’. That means that the num- 
ber of quantum states having energies lying between Ey, and Eg will 
become equal to the volume of phase space between these energies, 
divided by h’, if the interval between E, and Ee is not too small. The 
quantum-mechanical state gives a description with the greatest accu- 
racy allowed by the Heisenberg principle. 

It will sometimes happen that several sets of quantum numbers 
correspond to the same value of the energy, in other words, that for 


*If the volume available to the system is infinite the energy levels may not be 
discrete (compare section 2g, example 1). The complications arising from this are 
overcome here by always considering finite, although possibly very large, volumes. 
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one energy value we obtain several, say g, different, linearly independent 
eigenfunctions. In that case we say that the level is g-fold degenerate, 
or that it consists of g states. A state, according to our definition, is 
always non-degenerate. 


In general the prescription for the calculation of the wave function is the 
same as for one degree of freedom; p,, the momentum conjugate to the coor- 
dinate q,, is replaced by the differential operator (4/271) (0/dq,) in the Hamilton 
function. The wave functions are the solutions of the partial differential 
equation: 


(2 12’) H * (a Pees q ) 
© y) t Aq a) 4 aqy? Uf ’ ’ f 
= B+ (q1,°°*, 97). 


e ° e ° e é¢ e e 
y and its derivatives must be continuous and finite, and the normalization” 
condition is 


(2. 18’) fo fi¥as a |? dq +++ day = 1. 


If the range of the q’s is finite this condition can always be fulfilled by multi- 
plication of Y with a suitable constant, for cy 1s also a solution for the same 
energy value as ¥ and will, of course, not be called a different solution. 

It follows from the nature of the differential equation (12’), namely, from 
the fact that it is linear and homogeneous in y, that, if two ¥ functions are 
eigenfunctions belonging to the same energy value F, their sum and difference 
are also solutions of the equation. Therefore, out of the g wave functions of 
the same degenerate level one can construct in many ways g linearly independent 
combinations which describe the degenerate level just as well as the original 
functions. This means that a degenerate level is made up of single states, the 
total number of which, g, is fixed, but the single states themselves are not unam- 
biguously defined. 


2g. Quantum States of Some Simple Systems 

A few examples are given of systems the energy states of which are 
to be used later. 

Example1. A point particle moving in field-free space. From a classical 
point of view this system has already been discussed in sections 2c and 
2d. Since the potential energy is constant the total energy is kinetic and 
the Hamiltonian is given by equation (2’), 


H = T = (1/2m) (pz + py + Di). 
The wave equation in this case is 


hn? [oy . aw. ay 
7 Sa3?2m & 7 oy? + x) = E- ¥(x,y,2), 
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and the most general solution is given most conveniently in the complex* form: 


with  (p2 + p? + p?) = EB. 
2m 


Since solutions with positive and negative components of p belong to the same 
energy value all levels are degenerate, and we can also use linear combinations 
of the exponential, for instance, the sine and cosine functions, as solutions. 


Let us first assume that the particle is restricted to motion in one 
dimension, along the x axis, only. If the space is truly infinite, that is, 
z can run from — © to +o, then there are no discrete energy levels, 
and the system can have any amount of energy. The eigenfunctions 
are complex exponential functions, so that | y |? is a constant, that is, 
the particle can with equal probability be found at any point in space. 
The momentum p,; is then sharply defined, in agreement with the 
uncertainty principle, since the value of the coordinate is absolutely 
undetermined. In this case the y function cannot be normalized, 
corresponding to the fact that the probability of finding the particle in 
any finite range, Az, of the coordinate x, 1s zero. If, however, the 
particle is restricted to a space of length /, that means 0 S 2 S I, and 
if the walls at zero and J are assumed to be perfectly reflecting, so that 
the energy of the particle remains unchanged, then in classical theory 
the particle will be reflected back and forth between the walls. In 
quantum mechanics this imposes a boundary condition on the y func- 
tion. Obviously, if the walls are perfectly reflecting, the probability 
of finding the particle outside should be zero, which is to be expressed 
by y = 0. Since the y function is to be continuous in space, y has to 
be zero at the boundary, namely, at x = 0 and atx =I. This condi- 
tion can be fulfilled only for certain discrete values of the energy, and 
therefore of the magnitude of the momentum, namely, for 
1, W 


Sg Se 
Om V2 a) 


h 
(2. 14) | Pz | = 9] k,, 8m]? 


where k, is any positive integral number. All energy levels are non-de- 
generate. The eigenfunctions are sine functions 


2.2 : 
(2. 15) y = f2sin 2 pas = sin 


* The complex number e@ may be resolved into its real and imaginary parts by 
means of the equation e** = cosa +isina. It follows that the absolute value 
squared is always unity, | e*|? = cos?a+sin?a=1. It is seen that, for 
a = 0, «/2, x, 3r/2, and 2x, the value of e* is 1, 7, —1, —7, and 1, respectively. 
The function e“ is periodic with the periodicity 2x in a, e** = e'(¢ +2"), 
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If the particle can move in three dimensions, but is confined to the 
inside of a cube of side length J, volume V = 1°, with perfectly reflect- 
ing walls, each state is characterized by three integral, positive num- 


bers, k,, k,, k,, which we may regard as components of a vector k of 
magnitude k. The three components of the momentum are 


h h h 
(2. 16) | Pe | = 5) Ke | Py| = 5 ky | Pe| = 5) Ke 


so that the magnitude p of the momentum is proportional to the magni- 
tude k. The energy levels are given by 
1 h? , h? 


(2.17) E=—p?* 


2 2 2 
om? = Bmpre® = gppais Be + ky + ky), 


and the eigenfunctions are products of sine functions 


3/2 
(2. 18) v= (7) cing 2 sin w= sine 
Here we find that most of the levels are degenerate. The energy is 
determined by the magnitude p of the vector p, but in general there 
will exist several vectors 7 of different orientations with the same total 
magnitude. This corresponds to states of motion with the same veloc- 
ity but differing directions of propagation. For instance, the state 
given by k, = 1, k, = 2, k, = 3 has the same energy as the one for 
which k, = 2, k, = 1, k, = 3, and several others. 

Example 2. The harmonic oscillator. A system with one degree of 
freedom in which the force is proportional to the displacement, g, from 
an equilibrium position, g = 0, 


(2. 19) mq = Fy = —aq, 


is called a simple harmonic oscillator. m designates the mass. The 
Hamiltonian of this system is 


_ 1 2,42 
(2. 20) H (p,q) = Dey, po + 9 7; 
and the solution of the classical equation of motion is 


(2, 21) q = bcos 2mv(t + a), Qrv = Va/m. 


The motion is periodic with the frequency v; b and a are the two arbi- 
trary constants which can be adjusted to fit any initial conditions for 


q and p(= mg). 
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In quantum theory the energy levels of this system are all non-de- 
generate and equally spaced, 


(2. 22) E, = ho(v + 3); 


where h is Planck’s constant, v the classical frequency of vibration, and 
v can be any integral number from zero to infinity. It turns out that 
even in the lowest state, v = 0, the oscillator has the energy Shy, the 
‘zero point energy,’’ whereas classically the state of lowest energy is 
the state of rest with zero amplitude and zero energy. 

We shall meet the oscillator equation when we consider the vibrations 
of molecules. The coordinates q will then be the normal coordinates 
of the modes of vibration, which sometimes depend in a rather compli- 
cated manner on the coordinates of the individual atoms. The corre- 
sponding masses will be combinations of the masses of the atoms. In 
the special case of diatomic molecules q is simply the difference between 
the actual and the equilibrium distances of the two atoms, and the mass 
is the reduced muss. (See example 4 of section 2h.) 

Example 3. The rotator. A rotator is a body the position of which 
at any moment is fully characterized by the two angles which give the 
direction of a straight line, its main axis, in space. We want to con- 
sider the case where no outer forces are acting on the body. ‘This 
system is realized by a mass point tied with a string to some point in 
three-dimensional space. The motion around the center of mass of an 
infinitely thin rod, or a dumb-bell which can rotate about any axis in 
space, obeys the same laws. 

The coordinates of this system are the 6 and ¢ described in sections 
2b and 2c, where also the corresponding momenta are calculated. The 
Hamiltonian of the system is given by part of (2. 4”’) and is 


‘ = I 2 ok, 2 
(2. 23) H = oT (03 + np 73) . 


The classical calculation shows that the motion always consists of rota- 
tion with uniform angular velocity in a plane, so that the total angular 
momentum P is a constant, and the energy E = (1/2J) P?. 

The quantum-mechanical states are characterized by two integral 
numbers, j and m, where j can take any positive value from zero to 
infinity, whereas m has any value between —j and j, so that |m]| <j. 
j determines the total angular momentum by the equation 


ae h\? 
(2, 24) P= 36+0(5) - 
Tv 


(h/2m)m is equal to the projection of the angular momentum vector on 
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the z axis, and its magnitude must therefore be equal to or smaller 
than j.. m corresponds to the orientation of the classical plane of 
motion. The energy depends only on j and is given by 

2 


: LYN": h 
(2. 25) Bim ay; P = j(jt+ 1) ar 


Therefore all energy levels except the lowest one for which j = 0 are 
degenerate, the degree of degeneracy being given by the number of 
values of m consistent with a fixed value of j, which is 2j + 1. 


The preference of the z axis is arbitrary and due to our choice of coordinates. 
A different choice of axes would bring about different y functions which are, 
however, only linear combinations of the original 2j + 1 eigenfunctions belong- 
ing to the same energy value, in agreement with the fact that the single states 
that make up a degenerate level can be chosen in different ways, as discussed 
in section 2f, 


Example 4. The symmetrical top. One more system the energy 
levels of which will be needed for the discussion of polyatomic mole- 
cules is the so-called symmetrical top, moving with fixed center of 
gravity under the influence of no forces. The symmetrical top is a 
body for which two principal moments of inertia are equal, denoted in 
the following by A, the third one being denoted by C. The system 
has three degrees of freedom, its position can be characterized by three 
angles, and therefore each energy state by three quantum numbers, j, 
m, and k. j can have positive values only, whereas m and k can also 
take negative values, but are both restricted to lic between —j and j: 
|m|<j,|k| <j. The energy levels are 


2 
(2.26) = Eye = = {iG ay 4 - € ~ 1) 2 


Since m does not occur in E and k and —k lead to the same value, it is 
seen that a level with k = Ois (2j + 1)-fold, one with k # 0, 2(2j + 1)- 
fold, degenerate. 

The simple rotator is the limiting case of the symmetrical top for 
C =0. Finite energy levels are then obtained only if k = 0, and these 
coincide with those given by equation (2. 25). 


2h. The Combination of Independent Systems 

In the future we shall very often be interested in systems which con- 
sist of two or more, and indeed usually of very many, subsystems, 
which are independent of one another. It is therefore important to 
know how the eigenfunctions and energy values of the total system 
depend on those of its parts. 
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By the statement that two systems, @ and b, are independent we 
mean that the motion of one system is not in any way influenced by the 
state of the other one, that is, that no forces are acting between the two 
systems. ‘This finds its mathematical expression in the statement that 
the Hamilton function, H, which for all purposes of this book is the 
energy as a function of the coordinates and momenta, is a sum of two 
parts, H, and H;, H, depending on the coordinates and momenta of 
a, H, on those of 6 only: 


(2. 27) H = Ha(pa,ga) + Ho (poo). 


In that case the eigenfunction y of the total system, the combination 
of the two independent parts, a and b, is the product of the eigenfunc- 
tions v2 and yy, 


(2. 28) ¥ = va: Yo, 


and the energy E is, as one would expect, the sum of the energies E, 
and E, of the subsystems. 


(2. 29) E = Ka + &,. 


A state of the total system is defined by the quantum numbers of the 
two independent parts. For this treatment it is completely imma- 
terial whether the subsystems are near or far, equal or very different. 
The only condition is independence. For truly identical subsystems 
some of the quantum states of the total system are not realized in 
nature, as will be discussed in section 2k. 

A special case of this occurs if in a system the motion of one coor- 
dinate is not influenced by the motion of the others, so that the portion 
of the Hamiltonian containing this coordinate and its momentum 
behaves, mathematically, hke that of an independent system. Classi- 
cally this means that the variables are separable. 

Example 1. We have already encountered one example of this in 
section 2g, example 1. The three Cartesian coordinates of a particle 
moving in a field-free space occur not at all, the momenta only in three 
additive terms in the Hamiltonian. The boundaries, and therefore the 
boundary conditions, each involve only one coordinate. The motion 
in the x direction is completely independent of that in the z or y direc- 
tion. The eigenfunction of the particle, therefore, can be written as a 
product of three functions, each depending on one coordinate only. The 
energy is the sum of the kinetic energies of each component. Since, fur- 
thermore, the motion in all three directions is subject to the same condi- 
tions, the possible states and energies are the same for each component. 
In this way equations (17) and (18) can be derived from (14) and (15). 
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Example 2 is that of the dumb-bell discussed in section 2c, which is 
subject to no outer forces, so that the total energy is kinetic and given 
by (4’’) with the last term containing p, omitted, 


54 oe 2 
(2. 30) H = 7 (oe T py of 9) me a(t rea a sin? @ “75 %) 


Here the motion of the center of mass does not influence the rota- 
tion, since the part of H depending on X, Y, Z, does not involve @ or ¢, 
and vice versa. If we again assume the particle to be confined to a 
cubic space of volume V = 1°, with perfectly reflecting walls, the eigen- 
functions and states of the translation of the center of mass are the 
same as those of a point particle in this space, (17) and (18). A state 
of the total system is determined by the state of translation and of 
rotation (see section 2g, example 3) namely, by five quantum num- 
bers, k,, k,, k,, and jandm. The energy of the state is 


h? 


(2.31) B= > ap 


(2+ +) + 7 iG + 1). 


Let us now assume that in this dumb-bell model the distance r 
between the two mass points is not rigidly fixed, but that the points 
are tied together by a weightless spring. We will then have an addi- 
tional term in the kinetic energy, (4’’), and also a potential energy 
depending on r, which, at least for small deviations from the equilibrium 
distance ro, is proportional to the square of this deviation, &? = (r — ry)”, 
so that the total Hamilton function becomes 


i 
(2. 32) OAs ay (Pe a D, ae Dp.) a 3 (4 a ae Sine F 578) + 
Loa, Gy 
ae T 5 e. 


The additional last two terms are the Hamiltonian of an oscillator, 


(20), with frequency 2xv = Va/py, the energy levels of which are given 
by (22). These terms are also independent of the coordinates of the 
center of mass. However, oscillation and rotation interact, since the 
part of the Hamilton function which contains p, and p, also contains 
I(r) = pr?. The moment of inertia changes during the vibration, and 
the centrifugal force displaces the equilibrium position. However, if 
neither rotation nor oscillation is very large, these effects are of second 
order, so that one can treat the motions roughly as independent, by 
replacing I(r) by the moment of inertia at equilibrium, Ig = urg. With 
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that simplification the energy states of the oscillator-rotator are defined 
by the six quantum numbers k,, k,, k,, j, m, and v, and given by 


(2. 33) k= Etrans, ae Erot. + Evi. 
2 


h 
= ey Vil (k? + ky + Ke) + oar said +1) + to (w+ :) 


This approximation to the energy of the levels is not always good 
enough for exact calculation. In Chapter 7 we will take into account 
the deviations from this equation. 

Example 3. A system consisting of one atom 1s described by the 
three coordinates of the nucleus and the three coordinates of position of 
each electron. In addition, each electron has a spin of 4, that is, an 
angular momentum of 4 measured in units of (h/2r), which can have 
either of two possible orientations. The spin of the nucleus will be 
designated by s,, an integer or half integral number, which can have 
(2s, +1) different orientations. The magnetic moment associated 
with the nuclear spin is extremely small, so that the interaction between 
it and the electrons can be neglected, and all orientations of nuclear 
spin have the same energy. 

If no outer force 1s acting on the atom, the motion of the center of 
mass, which practically coincides with that of the nucleus, can be 
separated from that of the other coordinates. The energy consists 
then of the sum of translational and electronic energies, the former 
being given by (17). We will fix the zero of energy in such a way that 
the energy of the lowest electronic level is zero. The energy of the 
next level is usually very much (several electron volts) higher than that 
of the ground level, so that, as will be scen in Chapter 6, it will not 
affect our statistical calculations. For these cases, the energy levels of 
the total system, the atom, can simply be represented by (17). It has 
to be borne in mind, however, that a state of the total system is defined 
by all quantum numbers, translational, electronic, and spin. If, there- 
fore, the electronic ground level is g,-fold degenerate, owing to electron 
spin or for other reasons, and if the nuclear spin has the magnitude s,, 
each level determined by k,, k,, ke in (17) is g = ge(2s, + 1)-fold 
degenerate, that is, it consists of g single states of the total system. 

Example 4. A diatomic molecule, moving under the influence of no 
outer forces, is also a system for which the motion of the center of 
mass can be separated. Again the higher electronic levels can 
usually be neglected, since they have so high an energy that they are 
not excited at ordinary temperatures. The motion of the electrons, 
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owing to their smaller mass, is very much faster than that of the nuclei, 
with the result that they act on the nuclei like a stationary cloud of 
negative electricity. In this cloud there exists an equilibrium distance 
between the two nuclei, that is, a distance of least energy. This posi- 
tion will, of course, be different for different electronic levels. 

For deviations from this equilibrium position the electronic cloud 
exerts a force on the nuclei which is, in the first approximation, propor- 
tional to the displacement. In addition, the axis of the nuclei in space 
is not fixed so that the whole system can rotate. Consequently, for 
any given electronic state, the system can be approximately represented 
by an oscillator-rotator whose Hamiltonian is given by (32). Since 
the electrons are very light, the moment of inertia is determined by the 
distance between, and the masses of, the nuclei, only. The energy 
levels of the molecule are therefore given approximately by (33). 

However, there will be deviations from this equation, due, first, to 
the fact that the force acting on the nuclei is not exactly proportional to 
the displacement, but also contains higher powers of &, so that the 
vibrations are not purely harmonic; and, second, to the interaction of 
rotation and vibration discussed under example 2. 

If the electronic level is g,-fold degenerate, and if the nuclei have spins 
Sn1 and Sag, respectively, the levels of (33) have a further degeneracy 
in addition to that due to the 2j + 1 different values of the quantum 
number m, for every value of j, namely, each level defined by k,, k,, 
k,, j, m, and v, corresponds to g = ge(2Sni + 1)(2Sn2 + 1) states of 
the total system. If the nuclei are identical, some of these states are 
not realized in nature, as will be discussed in section 2k and Chapters 


6 and 7. 


a, Pua Probability of Single States 

e will later be interested mainly in systems which consist of very 
many (107%) individual particles, and which, therefore, have a very 
great number of degrees of freedom. In that case the possible energy 
levels, which are determined by f quantum numbers, are usually con- 
siderably degenerate and lie close together, so that for practical pur- 
poses they are continuous. We will be interested in knowing the 
density of this continuum, that is, the number of quantum states of 
the system the energies of which lie in a range AE, between E and 
E + AE. If we chose the range AE too small, the number in question 
would be small and would vary erratically with £. If, however, the 
value of AE taken is large compared to the difference between the 
energies of neighboring levels, the number will be large, approaching a 
smooth function of H, and be proportional to the energy range AE. 
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We shall denote this function by Q(£) AE for large systems composed 
of many particles, and by C(E) AE for simple (constituent) systems. 

Actually this crowding together of states occurs even for the higher 
quantum numbers of some simple systems. For instance, the energy 
levels of a point particle in a cubic space of volume V are, according 
to (17), 


h2 
8m V2/3 


h? 


Bh ee one 2 
~ Smy2/3 Rs 


(2. 17) E (k2 +42 + k?) = 


where k,, k,, k, have to be integral, positive numbers. We can imagine 
these three numbers to be the components of a vector k of magnitude 
k. For a large vector, large compared to 1, the condition that its three 
components be integers is less stringent than for a small vector, so that 
the levels become more degen- 
erate and closer together as 
the energy increases. 

To calculate the number C'(E) 
for this system it is easiest to 
imagine the end points of the 
vector k plotted in a three- 
dimensional k space. A cross 
section through this space, that 
is, a two-dimensional k space, 
is shown in Fig. 2. 1. All the 
points corresponding to quan- 
tum states lie in the eighth 

part of the space for which all 

. oe a 'S three components are positive, 

Each point represents a quantum state and there form a simple eubic 

Fia. 2.1. Diagram of a two-dimensional k lattice. Since in this part of 

space. the k space a cube of unit 

volume contains exactly one 

lattice point, the number of lattice points in a certain region will be 

given by the volume of that region, provided that the region is chosen 

large enough so that small discrepancies at the borders have no notice- 

able effect. The number of lattice points whose distance from the 

origin lies between k and k + Ak is equal to one-eighth of the volume of 
the spherical shell of radius k and thickness Ak, namely, 
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By expressing k in terms of the energy with the help of (17) one obtains 
the desired number as 


(2. 34) T(E) AE = 4r oer (QmE)"/? AR. 
h 


With many d grees of freedom obviously the effect will be much 
more pronounced, that is, the number of states in an energy region AE 
will be much larger and can always kg represented very accurately by 
a smooth function, Q(£)AE. Under such circumstances we will lose 
interest in knowing the exact quantum state of the system. In fact, 
this statement becomes meaningless; namely, if a very small perturba- 
tion acts on the system, this perturbation will induce the system to 
make discontinuous transitions from one state to another with prac- 
tically the same energy. These perturbations are always present. 
They may come from the outside or, more often, from effects inside the 
system that have been neglected in the mathematical idealization. In, 
this latter case the law of conservation of energy must hold. For 
example, an atom in a certain excited quantum state can radiate spon- 
taneously, but the energy it loses will be found in space as light. Or, 
if we consider a large system, made up of independent small systems, 
for instance point particles, there will certainly, in reality, exist inter- 
actions among the particles, at least in the form of elastic collisions, in 
which classically, as well as quantum mechanically, energy and momen- 
tum are conserved, although the state of the total system is changed. 


Actually, the energy of a state is sharply defined only if the state is a true 
stationary state, that is, if the system remains in it for an infinite time. If, 
however, perturbations are acting, such that the system makes a transition in 
a time At, the energy can be determined only within a range AE such that 


(2. 35) AE -At 2h. 


This uncertainty relation between time and energy is quite analogous to that 
existing between coordinate and conjugate momentum (11). An example of 
this is the natural width of a spectral line, Av. The width of energy, Ah», is 
connected with the lifetime of the (upper) state by equation (35). 

Therefore, in a large system, on account of the fact that the energy levels 
are not sharp, owing to inner perturbations, transitions will be possible not 
only between states of exactly the same energy, but also between states of 
approximately the same energy. This is no violation of the law of conservation 
of energy, since it means only that the energy values calculated are not the 
true ones, and the quantum states not the true stationary states, which would 
be found if all perturbations were taken into account. 

Obviously, if At were very short, AE, therefore, very large, the assumed 
energy states would become very bad approximations to the true ones, and the 
calculations would no longer represent the true state of affairs. 


a. 
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It would, in principle, be conceivable to take all these inner perturbations 
into account in a perfect calculation of the true stationary states. If then the 
system were to remain completely isolated for infinite time it would stay in one 
state of sharp energy. [Every observation or experiment performed on the 
system, however, induces transitions, and the energy of the complete system 
cannot be determined more accurately than relation (35) allows if At is the 
time elapsing between observations. 


The energy of any system has a natural uncertainty 6£, determined 
by the extent to which the system is influenced by its surroundings. 
This means that a definite number 2 = Q(#) bE of quantum states are 
available to a system, even if its energy is determined as accurately as 
possible. 

The rate at which the transitions between these Q states take place 
depends on the strength of the perturbation; it will not interest us in 
the calculation of equilibrium phenomena. However, transitions are 
-governed by some general laws which are very important for the founda- 
tion of statistical mechanics. If the system is originally in the state r 
let us denote the probability of finding it after a time dé in the state s 
by w,, dt; similarly, the probability of finding the system in the state 
r after it was known to be in the state s will be denoted by ws, dt. It 
follows from the general laws of quantum mechanics that 


(2. 36) Wry = War, 


that is, the probability of a process and that of the inverse one are 
equal. This theorem, known as the principle of detailed balancing, is 
a direct and strict mathematical consequence of the theory of pertur- 
bations. 

It is conceivable that a system, starting in a state r, can never go, 
directly or indirectly, that is even by detours over other states, into a 
certain group of quantum states of the same energy. In that case the 
system will be called non-ergodic. In the future we shall always make 
the assumption that all our systems are ergodic, that is, that every 
quantum state of the system can be reached, directly or indirectly, 
from every other state. 

For ergodic systems the following fundamental law can be proved: 
if the system starts in a state r, it will in time pass over into every one 
of the states of approximately the same energy, and will on the average 
spend equally long times in each. This means that if the energy of the 
system is determined, within a range AE, the probability of finding the 
system in a certain state, compatible with that energy, 1s the same for 
each state. This ‘law of equal probability of single states ” is the 
basis of statistical mechanics. 
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This theorem implies that every time average over the behavior of 
the system can be replaced by the average over the different states. 
If, for instance, the energy of the system is fixed within a range AE, 
and if we want to know the average value of any quantity which is a 
function of the momenta and coordinates A(p,q), we can obtain it by 
summing the average value of A for cach quantum state over all states 
compatible with the energy, and dividing by the number of states. 

A level which is g-fold degenerate, that is, which consists of g states, 
is g times as probable as a single one; one says that the level has the 
statistical weight g. 


A proof of the theorem of equal probability of single states can be obtained 
in the following manner. Assume that we have very many identical, inde- 
pendent, large systems. We shall have to consider this case frequently later, 
and we shall call it an “ ensemble” of systems. In the ensemble the large 
systems play the same role as the subsystems (molecules) play in the gas. 

Let £, s, etc., denote quantum states of the large system compatible with a 
definite energy, Z, which shall be the same for all the systems of the ensemble. 
At a given time, a certain number, Ny, of all the systems will be in the state 
r, N, in the state s, etc. We wish to prove that in equilibrium N,; = Ng, that 
is, that the number of systems in all states is equal. Since the average over 
the numerous systems of the ensemble must be the same as the time average 
over one system, we will have olotained the desired proof. 

The number of systems in the state r decreases on account of transitions 
from this to other states, and increases because systems in other states go over 
into the state r. The total change of N; is given by 


N, Soe rors 1 De Nstsr, 
8 8 


or, using the principles of detailed balancing, wg = wgr, (36), 


(2. 37) Nr = Ler (Ns — Ny). 


In equilibrium the change with time of all the N’s, and therefore the left-hand 

side of these equations, must be zero. The relation Ng — N, equals zero, for 

all values of s and r, is obviously a sufficient condition for this. We have as 

many homogeneous linear equations in the unknowns N, as there are states, 

and therefore unknowns. These equations, however, are not independent 

since the total number of systems, 2 Ny, is fixed. The determinant of the coef- 
r 


ficients of the N’s is equal to zero. However, if the determinant of the coef- 
ficients of (N, — N,), that is, of the wys, differs from zero, the only possible 
solution of (37) is that all the N’s are equal. 

This can also be shown in the manner of Jordan.* We will assume that not all 


*P. Jordan, Statistische Mechanik auf quantentheoretischer Grundlage, Braunschweig, 
1933. 
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the N’s are equal and show that this leads to a contradiction. The N’s can be 
ordered according to their size, so that N; 2 Ne 2 N3 2-+-. The first I of 
the N’s may be equal. At least one of these / states, r, must have a transition 
probability different from zero to a state s for which Nz < Mj, since otherwise 
the system would not be ergodic. The equation for the change of the number 
of systems in this state is 


N, = >» Wrs(Ng — M1). 
s>I+1 


Every term in this sum is negative, and one at least is not zero; therefore, 
certainly, NV, is less than zero, in contradiction to the assumption of a stationary 
distribution. 

The ergodic hypothesis is essential for this proof. If we had two groups of 
quantum states denoted by r, s and p, a, respectively, such that no state of one 
group can ever be attained from any state of the other one, w,, = O for all r and 
p, the determinant of the w’s is zero. We have the additional relation that 
the number of systems in each group remains constant, and we can conclude 
only that in a stationary state the number of systems in every one of the quan- 
tum states of the first group are the same, Ng = N,, and also those in the sec- 
ond one, Ng = No, but N,; — No, the difference of number of systems in a state 
of the first and a state of the second group, can have any desired value. 


2j.) Liouville Theorem and Equal Probability in Phase Space 

In classical mechanics the state of a system is defined by the values 
of all the coordinates and momenta, that is, by a point in phase space. 
The quantity analogous to the number of states whose energy lies in a 
region AE is here the volume of phase space for which the energy lies 
between E and EF + AE, that is, the volume of the space between the 
two energy surfaces E and EH + AK. As mentioned before, this volume 
has the physical dimensions of energy multiplied by time to the power f. 
Since it is more desirable to use a dimensionless quantity, one divides 
the volume by a constant of the same dimensions. A number which 
has correct dimensions is h’. For small values of AE, the volume, 
measured in units of h’, becomes proportional to AE, and we shall 
denote it by W(E) AE: 


(2. 38) W(E) AE = (1/h’) times volume of phase space for which the 
energy lies between E and EK + AE. 


This definition of W(#) corresponds to the quantum mechanical 
definition of Q(#), given in section 21, since the quantum states are 
packed into the phase space in such a way that to each state there 
corresponds the volume h/. 

It must be borne in mind, however, that the classical function W(E) 
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is truly continuous, whereas the number of quantum states of an energy 
region can only be approximated by a smooth function Q(F). There- 
fore, if the states of the system are not close together (as, for instance, 
in an oscillator), quantum-mechanical and classical calculations will 
differ. An additional essential discrepancy between classical and 
quantum-mechanical W(#) and Q(£) occurs, however, in the case of 
identical particles, treated in section 2k. 

The fundamental property which distinguishes the phase space, the 
space of the momenta and coordinates, from all other conceivable 
spaces in which the motion of the system could also be represented, is 
the conservation of volume of phase space during the motion, expressed 
in the Liouville theorem. Each point in phase space defines a state of 
the system which determines its future unambiguously; in time the 
system, and therefore the point representing it, move along a com- 
pletely determined orbit. All points originally in a region a of volume 
W., in phase space, will have moved in the time ¢ into a region 6 of vol- 
ume W,.* The Liouville theorem states that W, = Ws. 

As an example we may consider a point of mass m with one degree 
of freedom only, moving under the influence of a constant force F. 
The solutions of the equations of motion are 


mé=p=Ft4+p, 


(Beers 

2m m 

where p and z are two integration constants, the initial values of p and 
z. Elimination of t out of these equations gives p as a function of 2, 
that is, the path in phase space going through the point p,z. These 
paths are parabolas having the x axis as major axis. This result would 
have been obtained more quickly by the consideration that the possible 
paths of a one-dimensional system coincide with the lines of constant 
energy, in this case (p?/2m) — Fx = E. 

Let us now consider all points p, z, within a region of phase space, 
for instance, within the rectangle a < p S$ a + Ada, 8 S t SB + AB, 
with volume W, = Aa: Ag. After the time ¢, these points have gone 
over into the region determined by 


Fitasps Fita+t Aa, 
Fe 


2m 


pt Fe | pt 
+P ipses—+ +84 a8, 
m 2m m 


* Provided that the orbit is a continuous function of the initial conditions. 
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or, changing the latter inequality by introducing p instead of 7, 


t Fe t Fé 
P-s +8 sas"-— +8408. 
m 22m m 2m 
This means that the points p, x all lie in a parallelogram the edges of 
which are given by the four lines 


p= Fi+a, p = Fti+a-+t Aa, 


Fe ¢ Fe ft 
oe ee Eg a Per eee. 


& 


This parallelogram, see Fig. 2. 2, has the base AB, height Aa; the sides 
are inclined against the base at an angle 6 with tan 6 = m/t. The area 


Positions 
até 


Positions 
at ¢=0 


5 aa a0 15 


Fig. 2.2. Motion of point particles under the action of a constant force. Parabolas 
represent paths in phase space. 


of the region is independent of 6, namely, Aa- A8, identical with that 
of the original region. 


The theorem of conservation of volume in phase space may be mathemati- 
cally expressed in the following way. The volume of a certain region is given by 


Wom fi f apie appa di, 


a 2f-fold integral. After a time ¢, systems whose states correspond to the 
points on the boundary of the region have gone over into other points, also 
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enclosing a region. The integral over the region of space with these new 
boundaries may be denoted by 


WO) = five fi dpi -dpydge+ ++ day. 


We wish to prove that d/V/dt = 0. This can be done by the method of Gibbs. 
The region may be assumed to be small and bounded by planes of constant 
values of the coordinates and momenta. Let us consider first the change of 
volume due to the motion of two of the boundaries, say those bounding 
m by pu S pi S pix. In the small time interval dé a point of the upper 
boundary will have moved by the amount 7, dt, increasing the volume if 
Piu is positive, a point of the lower one by the amount p,; dt, decreasing the 
volume for positive ~;:. The total change due to the motion of both boundaries 
is the difference between these two effects and therefore depends essentially on 
the difference between pi, and pu. We can replace this difference by 


Pry 
f Op:/0p, dp, and we find that the change of volume due to the motion 
Py 
of these two boundaries is 


fi [SB aoe toy age day 
On 


Obviously, the change due to the motion of the other arguments, whether p’s 
or q’s, can be obtained in exactly the same manner, so that the total change of 
W in the time interval dt is 


Opy 4,08 > 
(2. 39) f- fz . a dpe ++dpsdqi-::+ dqys dt. 
apy Oqy 


Changes of volume duc to the effects at the edges of the rectangular region 
contain a higher power of the small quantity df. From the equations of motion 
in the Hamilton form, (10), it follows immediately that each term under the 
integral is zero, since we have that 


= 0. 


—— ee 
— 


Oy | Ody _ HH 
OPy Oqy Opy aqy Ody OPy 


The integral is therefore zero, and we find that 


oY il: 
dt 


The Liouville theorem is essential for the complete understanding 
of the uncertainty principle discussed in section 2e. If at one time the 
coordinate of a particle is known within an accuracy Aq, the momentum 
within a range Ap, in agreement with the uncertainty principle, the 
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predictions that, can be made for the future are neither more nor less 
accurate than the initial uncertainty, namely, 


o fe] h 
Ap: Aq = Ap- Ag = —-: 
20 


We may also state the Liouville theorem in the following equivalent 
manner: if we have several, say N, identical systems, and if at a time ¢ 
their states fill a part of the phase space with a certain density, they 
will, after a time ¢, have moved to a different part of phase space corre- 
sponding to the same energy, which they fill with the same density. 

To proceed, we have to make here, as in the quantum-mechanical 
case, the ergodic hypothesis that, starting from any given volume ele- 
ment of phase space, every other region of phase space of the same 
energy is eventually reached by the system. Under this assumption 
the stationary distribution of N systems in phase space will be that of 
equal density. If this distribution is once obtained, it will not change 
in time, and it is also the only distribution which has this property if 
the systems are ergodic. 

Returning to one system, this implies that the state of the system 
remains equally long in equal volumes of phase space, since otherwise 
there would occur an accumulation of systems in regions where the 
systems dwell longer. The probability of finding the system in a region 
is proportional to the volume of that region, or equal volume elements of 
phase space are equally probable. ‘The time average over the motion of 
the system can therefore be replaced by the average over the volume of 
phase space. 

This is the classical equivalent to the quantum-mechanical theorem 
of equal probability of single states. The great analogy between these 
two theorems is obvious: since the quantum states lie with constant 
density throughout the phase space, the quantum-mechanical theorem 
also gives equal volumes of phase space the same statistical weight. 
The regions in phase space which will concern us most are those between 
two neighboring energy surfaces, namely, the W(E) AE of equation 
(38) or its quantum-mechanical equivalent, the number of states with 
energy between the same values, 2(#) AE. These two quantities are 
essentially equal (except in the case of identical particles) if the energy 
range AE is sufficiently large so that AE /f, the range per degree of free- 
dom, is large compared to two neighboring quantum states differing 
only by unity in the value of any one quantum number. 

Whereas the assumption that the system is ergodic is, to say the least, 
somewhat artificial in classical mechanics, it is more natural and more 
real for a quantum-mechanical system. It can actually be demon- 
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strated that a classical system cannot be truly ergodic. In view of this 
it is necessary to define quasi-ergodic behavior in a somewhat more 
complicated manner than here, and to assume that all classical systems 
follow this behavior, in order to deduce the laws of classical statistics. 
A quantum-mechanical system, however, can be truly ergodic, since 
only a finite number, 0, of cells is available to it at one energy. 

Of course, the classical theorem was known long before quantum 
mechanics. In fact, the agreement between the two methods is not at 
all accidental, since quantum mechanics was created with the importance 
of phase space and the statistical considerations as guiding principles. 
Quantum mechanics has the essentially statistical characteristic of pre- 
dicting probabilities rather than certainties. For this reason it seems 
particularly adapted to be the foundation of statistical mechanics, and 
the law of equal probability of single states is a more direct consequence 
of quantum mechanics than the equal probability of phase space is of 
classical mechanics. 


2k. /Identical Particles, Einstein-Bose and Fermi-Dirac Systems 

~Let us assume the system to consist of two or more identical inde- 
pendent constituent systems, which we shall for convenience call par- 
ticles, and let the states of the individual particles, which will be called 
cells, since they may be regarded as forming cells in the u-space, be 
denoted by the quantum numbers k. An example for this is provided 
by several point particles moving in the same field-free space. It 
appears at first sight that now a new degeneracy occurs since the state 
in which particle 1 has quantum numbers ki, particle 2 quantum num- 
bers ka, has exactly the same energy as the one where the particles are 
exchanged, that 1s, where 1 has quantum numbers ke, 2 has ky. For 
truly identical particles, however, these two possibilities have to be 
counted as one only, and for more identical particles correspondingly: 
all states of the total system which can be made up out of each other 
by permuting the particles within the cells have to be counted as one 
only. This means that a state of the total system is fully determined 
by giving the number of particles in each single-particle quantum cell, 
k, instead of the cell in which each particle is. For this it is necessary 
that the particles be not only alike, but absolutely identical, so that 
there is no conceivable experimental way of distinguishing among them, 
and, therefore, among the different states that are counted as one. 


The reasons for this are intimately connected with the fact that linear com- 
binations of eigenfunctions belonging to the same degenerate energy level 
describe the state just as well as the original functions. Instead of the eigen- 
functions which definitely denote which particle is in which cell, namely, the 
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products of eigenfunctions of the independent particles, we can form linear 
combinations of products of this type, namely, of all those that originate 
from one product by permutation of the particles. For two particles, the two 
products are px,(1)-%x,(2), and Yx,(1)- %u,(2). The linear combinations, 
which no longer have as simple a meaning as the products, are also possible 
y functions of the same energy value. Outstanding among these are the 
“ symmetric ”’ and the “ antisymmetric,” namely, one that remains unchanged, 
and one that changes sign upon the exchange of any two particles. For 
two particles, these are y, = 27)/[Yu,(1) - Yu,(2) + vu,(1) + vu, (2)], and 
Wa = 27 7[yu, (1) + Weg(2) — Yue(1) * Ye, (2)]. Since all outer influences and all 
inner interactions act absolutely symmetrically on all identical particles, a 
linear combination will keep its symmetry character under all perturbations. 
A symmetric function remains symmetric, an antisymmetric one antisym- 
metric, forever. In other words, the probability of transition of the system 
from a symmetrical state s, that is, a state with a symmetrical eigenfunction,* 
to any other state, r, is zero, unless the end state, r, 1s also a symmetrical state. 
The corresponding statement holds true for antisymmetric states. Therefore 
the symmetric states alone form one ergodic system, as do also the antisym- 
metric ones. All identical particles of one kind, for instance all electrons, will 
at one time have been in either a symmetric or an antisymmetric state, and 
therefore will always remain in states of the same symmetry character. We 
then have to exclude all other mathematically possible eigenfunctions in count- 
ing the number of states available to the system. 

Obviously, the law of the occurrence of symmetric and antisymmetric states 
is valid not only if the particles are independent, but also if there is any kind of 
interaction between them. In that case, the quantum mechanically calculated 
eigenfunctions of non-degenerate levels automatically have some symmetry 
character, and only those which are either symmetric or antisymmetric in all 
particles are realized in nature. The transition probability from the naturally 
occurring to those of the wrong symmetry character are always zero, so that the 


* In general, the symmetric function is constructed by adding all n ! eigenfunctions 
obtained from the original product by a permutation of the n particles and dividing 
by the proper normalization factor, (n !)'“*. The antisymmetric one is formed by 
multiplying each eigenfunction by (—1)* before adding, where a is odd or even 
according to whether the permutation of particles in question consists of an odd or an 
even number of transpositions. This is the same as expressing the antisymmetric 
eigenfunction as a determinant 


vic, (1) Vx, (2) ee Vie, (7) 
¥ie,(1) ¥xK_(2) rs Vi, (7) 
VW, = (n7} : 


v«,(1) Vien (2) vot Vien (n) 


Since a determinant is zero if two of its rows or columns are alike it is seen that ¥, 
vanishes identically if two of the functions yx, are the same. 
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fact that we have to rule out a certain number of states influences the others 
in no way. We will encounter this phenomenon, for instance, in the rotation- 
vibration levels of diatomic molecules composed of identical atoms, where 
alternate rotational levels have different symmetry character, so that only half 
of the states occur in nature. 

The question whether for a given kind of particle the symmetric or antisym- 
metric states are realized cannot, of course, be answered by theoretical con- 
siderations; for this it is necessary to investigate the symmetry character of 
the observed states. Now, the difference of possibilities, 1, symmetrical, and 
2, antisymmetrical, is essentially this: it is always possible to construct exactly 
one linear combination of the product eigenfunctions discussed above, which 
is symmetrical in all particles. An antisymmetrical eigenfunction, however, 
can be constructed only if no two of the single-system eigenfunctions are alike, 
that is, if no two particles are in the same cell. Particles with antisymmetric 
states, therefore, satisfy the Pauli exclusion principle, which postulates that 
there is never more than one particle in a given single cell. 

Investigations of atoms and nuclei have shown that all elementary material 
particles,-namely, electrons, protons, neutrons, and neutrinos, fulfill the exclu- 
sion principle. The radiation of the black body (Chapter 16) shows that light 
quanta have symmetrical eigenfunctions only. The behavior of composite 
systems, that is, nuclei, atoms, and molecules, can be deduced from the laws for 
the elementary ones. If the subsystems are composed of n elementary particles, 
permutation of two subsystems amounts to 7 transpositions of elementary 
particles and, therefore, since the permutation of each pair of elementary par- 
ticles multiplies the eigenfunction by —1, must multiply it by (—1)". If nis 
even, this means that the eigenfunction is unchanged upon the exchange of two 
subsystems, or it is symmetrical. If n is odd, the eigenfunction is antisym- 
metric in the subsystems. 


Systems composed of several independent truly identical subsystems 
fall into two groups, depending on the nature of the subsystems: 

1. Kinstein-Bose systems (symmetrical eigenfunctions). The particles 
or subsystems are indistinguishable. Eigenfunctions of the total sys- 
tem which differ only in a permutation of the subsystems have to be 
counted as giving rise to only one quantum state of the total system. 
All configurations of the total system which differ only in being permu- 
tations of the subsystems among the cells or quantum states of the sub- 
systems have to be counted as one only. Therefore, a state of the 
total system is determined if the number of subsystems in every cell or 
quantum state of the subsystems is known. 

Light quanta and all atoms and molecules composed of an even 
number of elementary material particles form Ejinstein-Bose systems. 

2. Fermi-Dirac systems {antisymmetric eigenfunctions). A state of 
the total system is defined if the number of subsystems in every cell or 
quantum state is known, as under 1. In addition these systems obey 
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the Pauli exclusion principle, which states that there is never more 
than one subsystem in each cell. 

Fermi-Dirac systems are formed by all elementary material par- 
ticles,* that is, by positive and negative electrons, protons, neutrons, 
and neutrinos, and furthermore by all subsystems composed of an odd 
number of elementary particles. 

With these two types of systems which are realized by atoms and 
molecules we want to contrast a third which is not, namely the com- 
posite system we would have obtained had we disregarded the prin- 
cipal identity of the subsystems: : 

3. Boltzmann systems. A state of the total system is defined by the 
quantum states of each constituent subsystem. 

This latter method of counting the states of the system corresponds 
to the classical one, since the volume in phase space, measured in units 
of h’, between two energy surfaces E and FE + AE is equal to the num- 
ber of states in the Boltzmann system. It is applicable only if all sub- 
systems are different and distinguishable in principle, as for instance 
billiard balls are, which could be painted in different colors. No 
identical subsystems of molecular size form Boltzmann systems. 

It is interesting to compare the number of states for the three types 
of systems. If all N identical particles happen to be in different states 
this gives rise to one state in the Fermi-Dirac or Einstein-Bose sys- 
tems, but to N ! states in the Boltzmann system, since the N ! permu- 
tations of particles in the cells are counted as different states. 

If sume cells contain several particles this still corresponds to exactly 
one state of the Eimstein-Bose system, is never attained at all in the 
Fermi system, and corresponds to somewhat less than N ! states in the 
Boltzmann system, since a permutation of particles which are in the 
same cell does not lead to a different state of the total system. If all 
particles are in the same cell this means one state for the total Einstein- 
Bose as well as the Boltzmann system. 

Particles which form Eijnstein-Bose, Fermi-Dirac, or Boltzmann 
systems would have differing numbers of states consistent with a given 
energy, even if the cells or quantum states of the individual particle 
had the same energy in all three cases. There would be more states in 
the Einstein than in the Fermi system. The Boltzmann system would 
have somewhat less than N ! times as many states as the Einstein sys- 
tem, and somewhat more than N ! times as many states as the Fermi 
system. 

The number of states of the Boltzmann system is always arbitrarily 


*The heavy electron may possibly be an elementary particle obeying Einstein- 
Bose statistics. 
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divided by N !, and in the future it will be understood that this division 
is made when Boltzmann systems are referred to. This division of the 
phase space by the factorial of the number of identical particles occurring 
had been undertaken in classical statistics long before the underlying 
reasons had been explained by quantum mechanics. Gibbs, for 
instance, found it consistent with the spirit of the statistical method to 
count configurations that differed only in the exchange of the positions 
of identical particles as being the same. 

The number of states for this corrected Boltzmann counting les 
between the number for Einstein and that for Fermi counting. If 
there are many individual quantum states which correspond to the 
viven energy region, and relatively few particles, very few of the total 
number of states will have two or more particles in the same cell. The 
numbers of quantum states with energy HE, the numbers Q(£) of sec- 
tion 21, then become asymptotically equal for the three kinds of systems. 
In general, however, the results of statistical calculations for the three 
kinds of systems will be different. One obtains what is called Einstein- 
Bose, Fermi-Dirac, or Boltzmann statistics, respectively. We should 
like to point out that there is no difference in the statistical methods 
employed. The difference les exclusively in the mechanical model 
treated, as discussed above. 

The number of quantum states of a system calculated with the 
Boltzmann counting that omits the division by N ! corresponds to the 
volume of the classical phase space. For real systems, which obey 
either Einstein-Bose or Fermi-Dirac counting rules, if N; identical par- 
ticles of type 7 are present, the number of states available to the system 
corresponds to, and under certain conditions becomes asymptotically 
equal to, the phase volume W measured in units of h’ divided by the 
product of the N; factorials, TIN i!. If calculations are made using the 


classical phase volume, instead of the number of quantum-mechanical 
states, we shall always correct the Boltzmann counting by division 
with the product of the factorials. 

Systems of Einstein or Fermi type cannot be said to consist of strictly 
independent particles. The quantum states of one particle are influ- 
enced by the presence and behavior of the other particles. One should 
say that the particles are mechanically, but not statistically, inde- 
pendent. However, for the sake of simplicity, we shall continue to 
speak of independent subsystems. 


CHAPTER 3 
TERMINOLOGY AND DEFINITIONS 


(a) The States of a Thermodynamic System. (b) Forces of a Thermo- 

dynamic System. (c) The Distribution of Independent Molecules in 

Space. (d) The Concept of a Distribution. (e) The Most Probable Dis- 
tribution. (f) Idealized Systems and Inhibitions. (g) Summary. 


3a. The States of a Thermodynamic System 

It has already been mentioned in section la that the method of 
statistical mechanics is applied almost exclusively to systems which are 
composed of a very large number of particles, and in which, moreover, 
usually all the particles are alike or of a few different types. If there 
are N; particles, usually molecules, of type 7, each having f; degrees of 
freedom, then f, = 2/N,f; is the number of degrees of freedom of the 


+ 
total system. jf, coordinates are necessary to specify the instantaneous 
position of every part of the system, and f, momenta to specify the state 
of motion. The phase space formed by the f, coordinates and their jf, 
conjugate momenta is referred to as the y-space of the system. 

As discussed in detail in Chapter 2, in classical mechanics one point 
in this 2f,-dimensional phase space completely determines the state of 
the system, and therefore also its energy. ‘There exists a continuous 
range of points, in this y-spacc, consistent with a single total energy, and 
we sometimes refer to such a range as an energy surface. 

According to the laws of classical mechanics the specification of the 
exact state of even a complicated isolated system exactly predetermines 
the state of the system at any definite later time” For the systems 
dealt with in statistical mechanics such information would be not only 
impractically difficult to calculate, but valueless if obtained. Even 
were a kindly disposed mathematical archangel to undertake the cal- 
culation of the exact position and velocity of every helium atom in a 
one-liter flask at standard conditions, for some definite future time, we 
would be far too uninterested and lazy to even read the tediously long 
information handed to us about every one of the 10?” atoms. 

The fact that all real systems obey the laws of quantum mechanics, 
according to which the coordinates and momenta cannot be specified 
axactly at the same time, does not alter this at all. The most exact 
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location of the system in the y-space which retains physical significance 
is the statement that the system is in one of a network of adjoining cells, 
each of volume h/’. Each cell corresponds to a state of the system, and 
is defined by f, quantum numbers. If the system is known to be in a 
certain state at a definite time, the laws of quantum mechanics make 
possible, in principle, the calculation of the probabilities of finding it 
in any of the other states at any later time. But for a large system 
this information is also much too detailed ever to interest us. 

The total number of quantum numbers necessary to specify the 
state of a system, f,, is completely determined by the specifications of 
the system, and the volume in phase space occupied by a state, h/7, is 
also fixed.* However, the exact choice of the meaning of the quantum 
numbers is more or less arbitrary, in much the same way as the exact 
choice of the f, coordinates in classical mechanics is not completely 
predetermined by the description of the system. That is, the shape 
of the cell in phase space of volume h/” determined by the f, quantum 
numbers is more or less arbitrary, and may be thought of as altered 
to suit the needs of the investigator in attacking different problems. 
However, just as the forces in the system frequently make the choice 
of one particular set of coordinates almost imperative, so also the most 
convenient set of quantum numbers for a particular problem is usually 
pretty definitely determined. 

If in future discussions we speak of the state of a system this may be 
interpreted as meaning either the quantum-mechanical state, or the 
classical point in phase space. In the second case the expression ‘‘ num- 
ber of states ”’ has to be read as “‘ volume in phase space.”’ This volume 
is always assumed to be measured in units of h47 and to be divided by the 
product of the factorials of the numbers of identical particles occurring. 
The general statistical laws can be built up equally well on either con- 
cept. In fact, as the discussions in sections 2} and 2k suggest, for 
many systems the numerical results will be the same with quantum or 
with classical calculation. 

Unfortunately, in thermodynamics the same word state is used in 
a different sense. For this concept we shall always explicitly write 
“thermodynamic state.” The thermodynamic state of a system is 
described by a very few observable quantities. The specification of 
only two variables determines the thermodynamic state of a one- 


* This does not mean that the possible values of p and g for each quantum state 
lie within a sharply bounded region of size h/Y in the y-space; there exists a finite, 
although small, probability that the system will be observed outside. For many, 
n, adjoining quantum states, however, the volume of the range of reasonable prob- 
ability for the p’s and q’s approaches asymptotically nh/7. 
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component system, a system consisting of only one kind of particles. 
The two which have the most obvious mechanical significance are the 
volume and the energy. All other observables, the pressure and tem- 
perature, for instance, may be expressed as functions of these two. 
Extremely many mechanical states of the system correspond, then, to 
fixed values of these two quantities, and we know from section 2i that 
an ergodic system reaches each one of these states with equal probability. 

It is our aim to obtain relationships between the experimental observ- 
ables of a system, to be able to predict that a system of given com- 
position, given volume, and total energy exerts a certain pressure on its 
surroundings, and will have a certain temperature, entropy, and free 
energy. The accomplishment of this falls naturally into two steps. 
The first one is the identification of the thermodynamic properties with 
mechanically defined quantities, and the derivation of the general laws 
of thermodynamics. The second step, which reaches further than the 
scope of pure thermodynamics, consists in the numerical evaluation of 
the thermodynamic properties of a given system from a knowledge of 
its mechanical nature. Such calculations shed light on the atomistic 
interpretation of microscopic phenomena. For instance, in section 1d, 
we have seen that the pressure exerted by a gas on the walls of its con- 
tainer is due to the impacts of the molecules. 


3b. Forces of a Thermodynamic System 

If a completely defined system is in a fixed quantum state r the most 
probable or expectation value of any property that is a function of the 
coordinates and momenta A(p,q), can be calculated from mechanical 
consideration. Let us designate this value by A,. However, it is 
hopeless to undertake the determination of the exact quantum state for 
a large system. If the total energy HK and therefore the macroscopic or 
thermodynamic state are determined, a large number of quantum 
states, designated in section 21 by &, are available to the system. We 
know further from section 2i that all these states are reached with 
equal probability by an ergodic system. It follows that the time average 
of a property A of a macroscopic system is the same as the average 
taken over all quantum states consistent with the energy, namely, the 
sum of A, over all 2 quantum states r, divided by Q, 


r=Q 


(3. 1) A=2° 7 4,. 
r=] 


If x denotes an outer variable of the system, for instance, the volume 
or one of the strain components defining the shape of a rigid solid, the 
quantity —0E,/dzx is the generalized force with which the system in 
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the quantum state r resists an infinitesimal decrease in x, or the force 
which must be balanced from outside to prevent x from increasing. 
The average value of the force is then 


(3. 2) hag 


In particular, if the outer variable z is chosen to be the volume V, the 
force resisting a decrease of V is called the pressure, P, and we find 
12°08. 
3. 3 Bi ober ee erg 

Assume that a very small but finite change, Az, in the outer variable 
x is undertaken so slowly that the change does not induce transitions. 
(A process of that type is called adiabatic in quantum mechanics.) If 
the system is in the state r the corresponding change of energy is given 
by 


E 
(3. 4) AE, = on Ax. 
Ox 


Now if the change is made even slower, so that the system makes many 
quantum transitions during the process, as in any natural process, the 
total energy change is again the average of the above quantity taken 
over all quantum states available to the system. 

; | ted 1°? oH, 
(3. 4°) AE = = AE, = ae - Az. 
Obviously, to have any physical significance, the energy change AE 
must be larger than the uncertainty 6H in the energy of the system. 

We wish now to prove that in a process like this the number of quan- 
tum states with energies below that of the system remains constant. 
In other words, the number of states of the system, with outer variable 
x, below the energy E, is equal to the number of states below HE + AE 
if the outer variable has the value z + Az and AE is related to Az by 
(4’), Expressed mathematically : 


E E+AE 
(3. 5) J Q(2,E) dE = J O(n + Az,E) dE. 


The proof of this statement is almost self-evident. The change of 
energy of the system, AZ, is defined by (4’) as the average of the 
changes of energy of the states near the topmost energy. This means 
that, owing to the change in x, equally many states, previously located 
below E, have passed to energies above E + AE as states from above 
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E to energies below E + AE. This statement, in turn, is equivalent 
to saying that after the process the number of states with energies 
below E + AE is the same as the number of states which previously 
had energies below FE. Q.E.D. 

For a mathematical proof the total change in /Q(E) dE can be 
split up into two additive parts. The first one is due to the change of 
energy at constant value of z, and the second one to the change of x 
at constant energy. The first constituent is obviously 


dE 1'=°9F 
0Q(F) — Ar = Q(E) - & — Ax. 
dz QD p=] Ox 


The second contribution is due to the fact that states at the boundary 
E cross this boundary on account of the change in x. Since an increase 
in energy of such a state takes it out of the energy region in question 
and therefore decreases (Q(E) dE by unity this leads to a change in 
SQ(E) dE by 


OL, 
Ax, 
Ox 


= 2 
summed over the states with energy E, = HE. The number of these 
is Q(H). Their average change of energy is the same as the average 
energy change of the states available to the system at the energy E 
(since the uncertainty of energy 6H is assumed to be small compared 
to AE). The second part of the change of (0(E) dE is then 

1™=2 OF, 


Az, 


which precisely cancels the first. Equation (5) is thereby proved. 

It follows from (5) that, if two energy values EH, and Ez of the total 
system are altered to EH; and EF, respectively, by the small and slow 
variation of an outer variable, the number of states between EH; and Eg 
is the same as that between EF} and E5. 

Conversely, if a variation of an outer variable x leaves the number of 
quantum states below the energy of the system unchanged, the changes 
of E and x must be connected by (4). We can, therefore, using (2), 
write (4) in the form 


JE 1'="0F 
(3. 6) (=) a 
5 MH) ak Qra1 dx 


the generalized force with which a system resists a decrease in z is the 
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negative of the derivative of the energy with respect to z at constant 
E 
f Q(£) dE. In particular, the pressure P is 
0 


(3. 7) P= -($) 


From (1) it is seen that it is possible to predict only average values 
of the properties of the system. Owing to the tremendously large 
number of states these average values are the ones usually found by 
experiment. Correspondingly, there is a significant difference between 
the thermodynamic laws, which we wish to develop, and the laws of 
other fields of physics, say those of mechanics. In these other fields 
the predictions are made with complete certainty; all cases must be 
expected to behave experimentally in exact agreement with the pre- 
dictions of the calculations if no error has been made in the assump- 
tions of the nature of the system. The thermodynamic laws, on the 
other hand, are predictions only of the most probable happenings. 
Fluctuations may and will occur, the magnitude and probability of 
which may be calculated. That appreciable deviations from these laws 
occur very seldom is due only to the very large number of particles, 
which makes such deviations very improbable. 


This difference between statistical mechanics and what is usually called 
mechanics has been largely eliminated by the discovery that the classical 
mechanics is only an asymptotic approximation to the more exact quantum 
mechanics, the laws of which give merely the probabilities of certain happen- 
ings. In view of this the predictions of classical mechanics must also be 
regarded as giving only a result of enormous probability. 


That the laws of thermodynamics merely predict occurrences of 
enormously high probability can be seen clearly by considering the 
example of the perfect gas treated in Chapter 1. The mechanical 
system consists of N independent mass points moving in a given volume 
V. If volume and energy of this one-component system are given, the 
thermodynamic “state” is fixed. Thermodynamics, then, predicts 
that the system will exert a uniform pressure on its surroundings, 
determined completely by the energy and the volume. 

If we examine the mechanical behavior of this system, it is imme- 
diately obvious that, among the extremely many states consistent with 
the given outer variables, volume and energy, there are many that give 
rise to completely uneven pressure on the walls; for instance, it is 
mechanically possible that the velocities of all molecules lie in the same, 
say the x direction, giving rise to zero pressure on all but one wall! 
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Moreover, we are assured by the Liouville theorem that there exists a 
definite, non-zero, probability of the system’s reaching this region of 
the phase space. However, it is quite evident that an occurrence of 
this extreme nature will be extraordinarily rare; the region of phase 
space corresponding to it is very small compared to the total region 
consistent with the given energy. 

In section 1d the well-known thermodynamic relation between the 
pressure, volume, and energy was derived on the basis of two assump- 
tions: that the velocities of the molecules were distributed evenly in all 
directions, and that the molecules were distributed in space with con- 
stant density. We are going to show that these “ distributions ”’ are 
the most probable ones. Indeed, on account of the very great number 
of molecules they are overwhelmingly probable, that is, the probability 
of an appreciable deviation from these ‘ distributions,’ and therefore 
from uniform pressure and the relation (1. 13), 1s extremely small. To 
demonstrate this we wish to investigate the second of these conditions 
more closely. 


3c. The Distribution of Independent Molecules in Space 

We may consider the volume V of the perfect gas of section 1d as 
being divided into M regions of equal volume. If the regions are num- 
bered 1,---,2,---, M, and N, is the number of particles in the region 
1, then the total number of particles is N = 2/N,. Obviously, if the 


regions are too small, that is, if we have about as many volume elements 
as particles, the numbers N;, will vary erratically with time; regularity 
can exist only if we postulate that M<WN. A distribution of the 
molecules with respect to the volume regions is then defined by giving 
the values of the numbers N,, the fiumbers of particles in each of the 
regions. We have assumed intuitively in section 1d that the most 
‘probable distribution is given by N, = N; = N/M, which means that, 
if N is large, the number of particles n in any volume v > V/M is 
n=v0N/V. 

The extent to which we can be certain that the condition of equal 
density in all parts of the system will actually be fulfilled in practice 
may be estimated in the following manner. Let us, for simplicity, take 
M = 2; that is, we divide the container of the N independent par- 
ticles, in thought at least, into two equal volumes, a and 6. We shall 
calculate the probability that at any randomly chosen time there would 
be (N/2) + n particles in the part a and (N/2) — n particles in the b 
part of the container. We have assumed that the particles are inde- 
pendent, in other words, that no forces exist between them. We shall 
proceed classically and assume that the molecules are statistically inde- 
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pendent. The chance that any single specified particle would be found 
in the a half of the container will be one-half, independent of the 
positions of the others. The chance that it would be in the b part will 
also be one-half. The chance of finding any single completely specified 
configuration in which, for each previously numbered particle, the half 
of the container in which it is to be found is specified, will be the product 
of N one-halves or 2~%, and independently of whether all the particles 
are to be found in one half of the container of whether the division is to 
be half and half. That is, the chance of finding N/2 + » specified 
particles in a is independent of n. This is in analogy to the fact that the 
chance of picking up any one completely determined bridge hand 1s 
just as small as the chance of finding a hand of thirteen spades. 

However, our interest was not in the chance of finding (V/2) +n 
specified particles in a, but in the chance of finding any (N/2) +7 
particles in a. We must therefore multiply 2—% by the number of con- 
figurations compatible with our distribution, that is, with the number 
of ways in which N numbered particles can be separated into two 
groups of (N/2)+ 7 and (N/2) —7n particles, respectively. This 
number is* N !/((N/2) + n)! ((N/2) — n) }. 

The result for wy, the chance of finding (N/2) + n particles in part 
a of the vessel, is 


(3. 8) vn = 


2-°N! 


Inspection of this expression shows immediately that it has its maxi- 
mum value, wo, for » = 0, as we expected. Since expressions involving 
factorials are somewhat awkward to handle one may bring equation 
(8) into a different, approximate, form, which expresses its functional 
dependence on n more conveniently. Use of the Stirling approximationt 
for the factorial, namely, that M! = M@e—“(27M)!/?, immediately 
gives the maximum, wp, 1n the simple form 


2N ! “\" 1 
alias AATF § (N)Y? 
The ratio of wz to wo is seen to be, from (8), 
Wp ((N/2] ! )? 
S10). — eee 
B10) ato (N/T + 2) 1 (IN/2 — 2)! 
= N N-2- N—(|2n|+2 
~~ N+/2n| N+ |2n|—2 N+2 ’ 
*See Appendix A VII. o 


t See Appendix A IV. 
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which lies between the value of two simple expressions 


(3. 11) ( = ) i> Bea (Maal 
N + | 2n| Wo N 


If we define x = | 2n |/N, then 


1 2(N/2) Wn sari) 

. 12 — 1—~2z : 

(3. 12) (; ci -) Pes ) 

For «<1, when In (1+) 2&2, and therefore (1 + g)Nl22 
e(N/2)zin (+2) — 9(N/2)2 both upper and lower limits become asymp- 
totically equal to 


(3. 13) Px G(NIDN 

Wo 
Using (13) and (9), an alternative approximate expression for Wn, 
when N is very large and x is very small, is obtained as 


Lk JON? aes 
(3. 14) v= —aa(z) e (N12)22, 


Since the integral of e&~” dx from 


minus to plus infinity is 3!/*, we see 
that the sum, or integral, of all the 
values of wy, is unity.* 

Equation (14) is known as the 
Gauss error function, which is plot- 
ted in Fig. 3. 1. If any act which 
may, with equal probability, have a 
result a or a result b is carried out 
independently N times, w,, gives the 
probability that the result a will be 
obtained (N/2) +n times. This 
applies as well to the throws of an 

Plot of unweighted coin as to the problem 

2 ge a f ee with which we started, the distribu- 

ia i 2 mir? 4 tion of independent particles between 
against x two equal volumes. 


Fia. 3. 1. 


* The approximation of (14) is valid only if <1. However, for large values of 
N the value of wy, becomes negligibly small even for very small values of x. The 
integration, then, yields the same value if the limits are taken as z = — © and + 
or as z = 5 and —é as long as N 82/2 > 1, which may well be true for large enough 
values of N even if’ <1. 
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The quantity x = | 2n| /N is the fractional deviation of the number of 
particles (V/2) ++ 7 in the part a from the most probable number N/2. 
The number An of values of n included in an interval dx = 2An/N is 
An = 3N dz so that the chance of finding a distribution lying between x 
and x + dz will be 


Ll (NY? ving 
(3. 15) w, dz = (5) e (NI 2)a dy 
and the chance of finding a distribution of fractional deviation from 
the equilibrium greater than 2 in either direction will be 


co 9 N 1/2 00 : 
(3. 16) w(>z) = 2f Wy dx = ams) J eg N12)2 dy 


Values of w(>z) for different values of N and 2 are tabulated in 
Table 3. 1. It is seen that, for a liter of gas at standard conditions 
(P = latm., T = 273.1°K. = 0.0°C.), for which N & 107%, the chance 
of finding a deviation of more than one part 1n a million from the normal 
in one-half of the flask is only one chance in 1072. 


TABLE 3. 1 


Values of w(>z) for different values of z and N. 


w(>z) is the probability of obtaining a greater than z fractional deviation from 
equality in the number of results from N independent performances of an act capable 
of having two results of equal probability. 


ine ‘ x 
u(>z) ~1(\ :) al anf e~" dt. 


VN/22 

N z = 107! 10-2 10-3 10-4 10-5 10-8 
2 xX 10? 0 157 0 887 0.989 
2x 104 10~44 0.157 0.887 
2x 108 197 4340 10~44 0.157 0 887 
2>x 108 1971 19~4340 10-44 0.157 0. 887 
2>x10!® | 190716 107 10 19074340 10—44 0.157 0 887 
2 x 107° 10710" 10-1 


The quantum-mechanical attack of the problem may be undertaken in two 
ways. A division in the volume of the system may be introduced and there- 
fore the quantization done in such a way that each quantum state of the sys- 
tem corresponds to a definite distribution. Or one may use the quantum 
states of section 2g, example 1, corresponding to the total volume, in which 
case each state can give rise to any distribution. For each state the prob- 
ability of finding certain molecules in certain regions of space can be calculated 


78 DEFINITIONS [Sec. 8d 


immediately owing to the physical significance of the eigenfunction y, namely, 
by integration of | y |? over the regions in question. 

If the molecules of the perfect gas were statistically as well as mechanically 
independent, so that we could use the product eigenfunctions of section 2h, the 
probability of finding a specified molecule in a part v of the total volume V is 
v/V, just as in the above consideration. If, on the other hand, we have 
Einstein-Bose statistics, and have to use symmetrical eigenfunctions, a certain 
statistical attraction is present; for Fermi-Dirac statistics, a statistical repulsion. 
The considerations which lead to the proof of the prevalence of equal density 
remain essentially unaltered since the factor N !/({[N/2] + n)!({N/2] — n)! 
arising from the number of ways in which, out of N particles, (V/2) +n can 
be put into one box and (N/2) — n into another box enters here too, and its 
dependence on n is strong enough to overshadow completely any other effect 
that might be present. 


3d. The Concept of a Distribution 

As we have seen already in the last two sections, it is very often found 
useful to introduce a description of the instantaneous configuration of 
the system which is intermediate between the very detailed one of the 
mechanical and the very broad one of the thermodynamic state. Such 
descriptions shall be designated by the somewhat general term of 
distribution. Extremely many states correspond to one distribution, 
but many distributions are consistent with the same energy. Or, 
every point in phase space belongs to a certain distribution) The region 
of phase space consistent with any distribution is large compared to 
that of one state, but may be small compared to the total region of 
given energy. 

In Chapter 1, and in the two previous sections of this chapter, we have 
used the term distribution and encountered two different types of dis- 
tributions of molecules for the same system, the perfect gas: namely, 
the distribution of molecular velocities over the different directions, and 
the distribution of molecules in space. In the second, which was dis- 
cussed more carefully, we saw that the concept was a useful one only if 
the subdivision of space considered was large compared to the volume 
per molecule. If this is so, one distribution corresponds to a much less 
detailed description of the configuration than the location of each 
molecule in space. This criterion of a distribution, that it be not too 
detailed, is just what we wish to postulate generally. 

Other distributions which we are going to consider are those of mole- 
cules in different ranges of kinetic energy; or of energy between two 
specified parts of the system; or, if we have atoms capable of forming 
various types of molecules, the distribution of atoms between the dif- 
ferent molecular species. 
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On account of the varied types of distributions which are important, 
a general definition of the word can hardly be given. All distributions 
will, however, have this characteristic: a subdivision of the system, or 
the phase space of the system, into different parts is undertaken in 
thought, with the restriction that it be not too fine, so that the parts 
are not of molecular dimensions. The subdivision may be of a type 
that can easily be obtained experimentally, as the division of volume 
into several parts, or a separation of the different molecular species. It 
may just as well be such as to be realizable in thought only, that 1s, 
impracticably difficult to obtain experimentally, as for instance a divi- 
sion of the p-space, the phase space of the individual molecules, into 
regions of different energy (section 5b). A distribution of a physical 
quantity with respect to this subdivision 1s then characterized by a set 
of numbers, D, one number of the set for each of the regions, giving the 
value of the physical quantity for that region. If the subdivision 1s 
one of, volume, and the physical quantity is the number of molecules, 
one distribution D is given by the numbers of molecules in each volume 
region. A distribution of energy may be defined for the same sub- 
division into volume parts by giving the energy contained in each 
region. 

The subdivision may be in the p-space, the individual regions con- 
sisting of all those molecules with kinetic energies lying in certain 
ranges, and the distribution defined by the numbers of molecules in 
each kinetic energy range. This type of distribution is investigated 
in the treatment of the monatomic perfect gas, sections 5b and 5c. 

At any instant the system will be in some distribution D; in time its 
configuration passes over into other distributions with respect to the 
same subdivision. 

Instead of the division of the system into many parts, one may 
always consider the distribution between any one of the parts and the 
rest of the system. Since the division is then into two parts only, a 
distribution is given by one number D. We may, therefore, without 
loss of generality, treat D lke a single number. 

The number of quantum states which give rise to a distribution D 
shall be designated by Qp. The sum of Qp over all distributions is 
equal to the value of Q for the system, 


D 


It is then immediately possible to calculate the probability of finding 
the system in a certain distribution D with respect to a fixed subdivi- 
sion. Namely, since the probabilities of all single states are equal, the 
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probability of a distribution D is the ratio of the number of quantum 
states consistent with D to the total number of quantum states, 2)/Q. 
In classical language, the probability of a distribution is equal to the 
ratio of the volume Wp of all points of phase space for which the system 
is in the considered distribution, divided by the phase volume W con- 
sistent with the total energy, namely, Wp/W. If the values of these 
two expressions should not coincide the quantum-mechanical one has 
to be used. 

Obviously, every point in phase space corresponds to one distribution. 
We have tacitly assumed that every quantum-mechanical state of the 
whole system also belongs to one distribution only. If the distribution 
is according to a subdivision into energy regions, this is usually the case. 
For others it is always possible to quantize in such a way that each state 
corresponds to exactly one distribution (see, for instance, the end of 
section 3c). 


3e. The Most Probable Distribution 

Among all the different distributions with respect to a fixed sub- 
division of the system we shall denote the most probable one by Do. 
This means that the number of quantum states consistent with Do is 
larger than that of any other distribution, Qp7, > Qp. Obviously, a 
distribution which differs extremely little from Do has practically the 
same Qp. If, for instance, the numbers D defining the distribution are 
large integers, a difference of a few units in some of them will not change 
Qpy considerably. On the other hand, such a neighboring distribution 
is experimentally indistinguishable from the most probable one. 

It may, and indeed it does usually, occur that one distribution is 
overwhelmingly probable in the following sense: namely, that all dis- 
tributions differing from the most probable one by a noticeable per- 
centage in the number D have a very small probability of occurrence 
compared to Do and its neighboring distributions, which are, for all 
physical purposes, alike. 

We found this to be so in the example of section 3d. If we consider 
the distribution of N = 107° particles between two equal volumes, 
each distribution can be characterized by just one number, D, the 
number of molecules in one half of the system. The most probable dis- 
tribution is given by Do = N/2. Distributions differing from Do by a 
few units have an &p whose fractional deviation from Qp, is only a few 
parts in N. If we choose AD = 10'?, the most extreme distributions 
in this range differ only by about one part in 108 in density, the quantity 
which would be measured experimentally. The probability of finding 
deviations from equal numbers in each part by more than 10!” is, 
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according to equation (3. 16), only 107?°. We find, therefore, that 


D=Do+AD D=Do—AD D=N 
~~ YM > ~ AM + DL MN, 
D=Do—AD D=0 D=D.+4D 


or, remembering that the sum of Qp over all distributions 1s 2, the num- 
ber of states consistent with the energy, 

D =De+AD D=Do+AD 
(3. 18) x > 2- EF DA. 

D =De—AD D =Do—AD 

In the general case we shall define by AD a range of distributions 
which are, experimentally, indistinguishable from the most probable 
one. If the inequality (18) holds, it expresses mathematically the 
fact that the sum of probabilities of all distributions which are unde- 
tectably different from the most probable one Do is very much greater 
than the sums of probabilities of all other distributions. In this case, 
only, will the most probable distribution be referred to as the equi- 
librium distribution. We may then with confidence assume that. all 
properties of the system are expressed by those of the most probable 
distribution, and calculate the thermodynamic relations assuming 
equilibrium. 

In actual practice the amount of material with which a chemist deals 
usually contains such an enormous number of molecules that it is rather 
difficult to find a useful type of distribution problem for which condi- 
tion (18) does not hold, and in general we shall assume (18) in all prac- 
tical problems without proof. 


3f. Idealized Systems and Inhibitions 

Mathematical abstractions must always be made when the calcula- 
tion of the properties of any physical object is undertaken, and the 
more complicated the object, the more necessary this becomes. The 
naturally occurring system is never treated in statistical mechanics, 
but instead an idealized system with properties so chosen as to resemble, 
as much as possible, those of the true one. The idealized system has 
certain exact and sharply defined characteristics, which are nearly, but 
frequently not exactly, realized in the natural counterpart. For 
instance, in sections 1d and le, it was the aim to calculate the properties 
of a dilute real gas, and, instead, the properties of an idealization of a 
zas, a system composed of independent mass points, was investigated. 
The condition of independence is certainly not strictly fulfilled in the 
‘eal gas, but actually the first approximation of the interaction between 
nolecules was taken into account by considering that transitions 
xetween different quantum states occurred. The transitions between 
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states are due to the collisions between molecules, which, in turn, can 
be present only if interactions in some form or other are permitted. It 
is these transitions which permit us to treat the system as ergodic, and 
to assume the equal probability of states, or of equal phase volumes, 
and which assure the attainment of equilibrium distributions. 

For calculations of equilibrium phenomena, the rate at which transi- 
tions take place is usually of no interest. In some natural systems, 
however, it sometimes happens that transitions between some groups of 
quantum states are very rare. All real systems are presumably ergodic 
in the strict sense of the word, that is, they have a finite probability of 
attaining every quantum state from every other one, but they may 
need a very long time to go over from one group of states to another. 
This time may be so long that such transitions simply do not occur 
during the course of a physical experiment. The experimental behavior 
will then not correspond to complete equilibrium, but to equilibrium 
between the states within the group only. In other words, the system 
behaves as if it were non-ergodic. 

Such groups of states, between which transitions are rare, always 
correspond to very different physical pictures of the system, for instance, 
to different distributions of atoms between different molecular species. 

A drastic example is furnished by the nuclear reactions. Since all 
nuclei are built of the same elementary particles, the material contained 
in a flask of hydrogen could also appear in the form of other atoms and 
molecules, and hydrogen is certainly not in equilibrium with respect to 
these nuclear transmutations. Probably, in infinite time, the system 
is truly ergodic, and transitions to all states consistent with the energy 
and constitution would occur, but except at stellar temperatures the 
transmutation of the so-called stable elements occurs rarely even if time 
is measured in units of geologic periods. In investigating the properties 
of any system composed of stable elements, it is more than obvious to 
assume these transitions to be strictly inhibited, that is, to treat the 
atomic composition of the physical object as given and unchanging. 

In other cases, however, the difference in rate between the establish- 
ment of equilibrium within a group of states, and between groups corre- 
sponding to certain different distributions, is not so extreme but still is 
sufficiently obvious to require special treatment. At room temper- 
ature it takes years, in the absence of a catalyst, to establish equi- 
librium with respect to the reaction between hydrogen and oxygen gases 
to form water. Many experimental measurements, such as that of the 
specific heat or the pressure, could easily be made on a system composed 
of oxygen, hydrogen, and water, under conditions where the mixture 
was certainly not in equilibrium with respect to the possible chemical 
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reaction. The introduction of a catalyst into the system, or a com- 
paratively small change in the total energy, and therefore temperature, 
would entirely alter the rate with respect to the chemical reaction. 

The results of an experimental measurement of some property, say 
the specific heat or the change of pressure with volume, on a chemical 
system in which a fairly slow chemical reaction takes place, may depend 
on the speed with which the measurement is made. If the system is 
heated, or the volume changed, more rapidly than the chemical reaction 
can establish equilibrium under the new conditions, the measured inflow 
of heat, or change of pressure, will be different from what it will be if 
the changes are made so slowly that complete equilibrium is established 
during the change. 

Corresponding to these two different experimental results, it will 
sometimes be found desirable to make two different calculations of the 
statistical behavior of one system, one calculation in which complete 
equilibrium is assumed to be established with reference to some dis- 
tribution, and one in which the system is assumed to be inhibited to 
remain in one particular distribution. 

Among the idealizations which will be assumed in the systems whose 
properties are to be investigated, then, one of the most convenient will 
be the idealization that the system is inhibited to remain in a certain dis- 
tribution with respect to some subdivision. That is, we shall treat an 
idealized system which is completely ergodic, and can reach all the 
quantum states available to it, but which differs from the natural sys- 
tem in that certain whole groups of quantum states which are reached 
but slowly by the natural object are regarded as entirely non-existent 
in the idealization. 

These inhibitions may be used either to eliminate the necessity of 
considering transitions never observed in the time at man’s disposal, 
such as conceivable nuclear transmutations, or to enable us to calculate 
the properties of a system not in equilibrium with respect to some 
relatively slow chemical or physical change, or even to calculate the 
properties of a system in some distribution, not that of equilibrium, with 
respect to some subdivision in which equilibrium is established very 
rapidly in the natural system. 

By this subterfuge of the introduction of an inhibition upon the 
idealized system we avoid the difficulty of explicitly considering non- 
ergodic systems. Perhaps it is more correct to say that the necessity 
of calculating the properties of pseudo non-ergodic systems, for which 
we can say only that those quantum states which can be reached within 
reasonable time are equally probable, forces us to treat idealized sys- 
tems subject to certain inhibitions. 
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There exists a tendency on the part of some workers to say that thermo- 
dynamics can be applied only to systems in complete equilibrium. Strict 
adherence to this condition would limit the applicability of thermodynamics 
rather severely. Few organic compounds can ever be said to be stable in the 
sense that they could exist pure if every conceivable reaction went at an appre- 
ciable rate. In view of the existence of nuclear reactions we could even say 
that this would exclude the application of thermodynamics to any ordinary 
chemical system. The use of the concept of the completely inhibited idealized 
system is a convenient artifice to overcome this difficulty. We calculate the 
properties of an imaginary system which is in complete equilibrium with respect 
to all its possible reactions. This idealized system is then said to correspond 
to the real system having other conceivable reactions, with respect to which 
the rate of attainment of equilibrium is almost infinitely slow compared to the 
time interval during which its properties are investigated. 


It is a hypothesis, however, which seems very natural and probable, 
that all transitions between states that do not differ from each other in 
some marked physical or chemical property, such as the percentage of 
different molecular species, occur with sufficient probability so that the 
system may be regarded as truly ergodic with respect to all of them. 
However, it is to be noted that there have been in the past, and may 
possibly occur in the future, some surprises with respect to this hypoth- 
esis. For instance, there exists in nature an inhibition making transi- 
tions of hydrogen molecules between odd and even rotation states very 
slow. Although this effect is actually very readily explained, it would 
have appeared most amazing before a fairly complete understanding of 
quantum mechanics existed. 

The possibility of imposing and lifting inhibitions in an idealized 
system offers us another convenience. All occurrences take place at 
constant energy of the whole universe. We are, therefore, imposing 
no limitation on the general type of processes that we consider if we 
limit ourselves to processes at constant energy. All acts on a system, 
starting or stopping a process, may then be idealized by regarding them 
as the lifting or imposing of certain inhibitions at constant energy, since 
the source or sink of energy can always be taken as part of the system. 
The attainment of equilibrium with respect to any variable of a real 
system from a definite condition of non-equilibrium can always be 
described as due to the lifting of an inhibition. 

For instance, the act of opening or shutting a stopcock between two 
flasks containing gas may be considered as the lifting or imposing of an 
inhibition against the flow of matter between two part volumes. 
Similarly, two isolated systems may be treated as one system of two 
parts with inhibitions against the flow of matter and energy between 
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them. The physical act of bringing the two systems into thermal 
contact would be described as the lifting of the latter inhibition. The 
process of allowing the hydrogen, oxygen, and water molecules of the 
earlier example to come into contact with a catalyst may also be 
described as the lifting of the inhibition prohibiting the chemical 
reaction. 


3g. Summary 

The state of a system, the most complete description of its instan- 
taneous condition which it is possible to make, is defined, if the system 
is assumed to obey classical mechanics, by giving the values of f, coor- 
dinates and f, momenta, and if the system obeys quantum mechanics, 
by giving the f, quantum numbers necessary to define a cell of volume 
ht” in the y-space. 

A system in a certain distribution with respect to the value or values 
of some physical variable may be in any of a large number of states con- 
sistent with that distribution D. The number of states corresponding 
to D is called Qp, and since all states have the same a priorz probability, 
the probability of a distribution is proportional to Qp. For macroscopic 
chemical systems and distributions with respect to the type of sub- 
divisions in which one is interested, the sum of the probabilities of all 
those distributions which do not differ significantly from the most prob- 
able one add up to a value of practically unity. In this case the most 
probable distribution is referred to as the equilibrium distribution. 

Idealized systems of sharply defined characteristics are more con- 
venient as objects of calculation than the real systems which they are 
intended to simulate. Such idealized systems may frequently be 
assumed to be subjected to certain inhibitions preventing the change of 
the distribution of the system with respect to some physical quantity, 
if this change in the real system takes place more slowly than the time 
necessary to measure the experimental quantities calculated. The 
lifting of such an inhibition corresponds to the starting of a spontaneous 
reaction in the real system. 


CHAPTER 4 
THE DERIVATION OF THE LAWS OF THERMODYNAMICS 


(a) Introduction. (b) Characteristics of the Logarithm of 2. (c) The 

Quantity S = kiln. (d) Identification of Entropy, Temperature, and 

Pressure. (e) The Limits of Validity of the Second Law of Thermo- 

dynamics. (f) The Relation between Entropy and the Uncertainty in the 

Energy. (g) The Third Law of Thermodynamics. (h) The Conditions 
of Equilibrium and the Chemical Potential yu. 


4a. Introduction 

In this chapter a quantity S will be defined as k In Q, in which k is 
the Boltzmann constant, and ©, defined in sections 21 and 3b, 1s the total 
number of quantum states available to the system. It will be shown 
that S, for a sum of two independent systems, is the sum of their two 
S values, and that S is an extensive property. It will also be shown 
that S increases for all spontaneous changes occurring in a system at 
constant energy. These are also the fundamental characteristics of 
the thermodynamic entropy. 

Two quantities, 7 and z, of the dimensions of temperature and pres- 
sure, respectively, will be defined as 1/7 = (0S/0E)y and x/r = 
(0S/dV)xz. It will be shown that 7 is a monotonous function of the 
temperature alone, the same function for all systems, and 7 a monotonous 
function of pressure, the same for all systems of the same 7 value. In 
section 4d it will be demonstrated that 7 is the pressure in all systems. 
It will similarly be shown that 7 is proportional to the thermodynamic 
temperature, and that 7 dS is equal to the heat absorbed. 

The first law of thermodynamics is an immediate consequence of the 
laws of mechanics as soon as heat is identified with the kinetic and 
potential energy of the molecules and atoms composing matter. The 
characteristics of S, discussed in the first paragraph, combined with its 
identification as entropy, then prove the second law of thermodynamics 
as a consequence of the laws of mechanics. 

The number of quantum states available to a system, ©, has a definite 
value, so that S = klnQ has no undetermined integration constant, 
except the proportionality factor k, which is connected with the arbi- 
trarily chosen scale of temperature. This is equivalent to the third 
law of thermodynamics, which, in its most general, and possibly only 
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correct, form, states that the entropy of a system has a definite natural 
value in which the integration constant present in the classical definition 
is naturally determined in such a way that S is not large at the abso- 
lute zero of temperature. 


4b. Characteristics of the Logarithm of 0 

The number 2 is an extremely large number for a macroscopic sys- 
tem, so large that even its logarithm, In Q, is of the order of magnitude 
of N, the number of molecules of the system. In section 21 we have 
defined 2 = Q(E) 6E as the number of quantum states available to the 
system, in which the natural uncertainty of energy is 6£. Since this 
uncertainty 6H of energy is somewhat vaguely defined, the value of Q, 
which is proportional to 6H, is also but vaguely determined. However, 
because of the enormous magnitude of © an uncertainty of many fold 
in the value of Q itself still permits the value of In Q to be determined 
within a completely negligible error. Indeed, In Q is so large that it 
makes no numerical difference in its value whether © is calculated as the 


E 
total number of quantum states below the energy FE, 2 = f Q(E) dE, 
0 


or as the number of quantum states belonging to some narrow energy 
range at the energy EL, Q = Q(E)6E. This will be discussed in greater 
detail in section 4f. For the present we shall retain the definition of 2 
given in section 21, that it is the number of quantum states available 
to a system, the energy of which is £, within some definite range of 
uncertainty dE. 

The logarithm of Q is a perfectly defined number of considerable 
importance in determining the properties of the system. 

The first characteristic of In Q which we wish to emphasize is that of 
being additive for independent systems. If there is a system a with 
number of quantum states Q,, and an independent distinguishable sys- 
tem b with 9, the value of the number of quantum states, 0,45, for a 
system consisting of the sum of the two independent parts a and b 
will be 


(4. 1) Qa1d = Q. . Qs: 


This is self-evident from a consideration of the way in which quantum 
states for the system consisting of the two parts a and 0 are counted. 
The quantum state of the combined system is defined by giving the 
quantum numbers of the part a and the part b (section 2h), provided 
that the two subsystems a and b are distinguishable from each other. 
Each state of a can be combined with any of the states of b to form a 
state of the total system. It follows that the number of possible states 
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of the combined system is the product of the numbers of states of the 
two parts. 

From (1) we find that the value of InQ is additive for two inde- 
pendent systems, 


(4, 2) In Qay5 = In Q, + In QO). 


For n equal independent systems, In Q of the whole system is 7 times 
the In Q of one of the parts. We shall later show that if the n systems 
are united to form one, In 2 is unchanged, and is therefore an extensive 
property, namely, proportional to the size of the system. 

In section 3d we defined the quantity 2p as the number of quantum 
states available to the system if it were restricted to a particular dis- 
tribution D with respect to some subdivision. The probability of the 
distribution was seen to be proportional to the value of Qp, and the 
equilibrium distribution Do was defined as that for which Qp had a 
maximum value, the most probable distribution. Furthermore, we 
agreed not to use the word equilibrium unless the sum of the values of 
Qp for all the distributions differing by a negligible experimental amount 
from Do was very much larger than the sum of the Qp’s for all other 
distributions. This is equivalent to demanding that we define our dis- 
tributions in such a way that their total number, M, is small compared 
with the total number of quantum states, 9, of the system. Since the 
value of Qp,, the number of quantum states of the most probable dis- 
tribution, must be greater than Q/M, the total number of quantum 
states of the system divided by the total number of distributions, and 
Qp, must also, obviously, be less than ©, it follows that we can write 


(4. 3) InQ> InQp, > InQX — In M. 


Now we have assumed that 


(4. 4) InM <«linQ, 


and so we can write as a sufficient approximation that 


(4. 5) In Qp, = InQ. 


The logarithm of the number of quantum states of the most probable 
distribution is numerically the same as the logarithm of the total num- 
ber of quantum states of the system. 

We may illustrate this by the calculation for a system which is not, in 
the narrow sense, physical. The system consists of a pack of 2N cards, 
N of which are red and N black. A single state of this system may be 
defined by giving the color of the card in every position in the pack. 
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One state will be that arrangement for which the first card is red, the 
second black, the third black, the fourth red, etc. This definition of a 
state is analogous to the physical one, since if the cards are not dis- 
tinguishable other than by their color it gives the most complete descrip- 
tion that can possibly be made of the condition of the pack. Each 
state so defined corresponds to (N !)? arrangements of distinguishable 
cards. Honest shuffling of the cards will show cach state to be equally 
probable. The total number of states, , is, 
(2N)! 
(4, 6) = (WN ty ’ 


since it is equal to the number of arrangements of distinguishable cards 
divided by the number of arrangements per state (Appendix A VII). 
By using the Stirling approximation (Appendix A IV) for the factorial, 
we find 

(4. 7) In Q = 2N In2 — $1n (rN). 


Now, if a distribution is defined as the number of red cards, D, among 
the first N cards of the deck, it is fairly obvious that the most probable 
distribution will be given by the value Dy = 4N, in which case there 
will be equal numbers of red and black cards in both halves of the deck. 
The value of 2), will be the product of the 9’s for the two half-packs, 
namely, 


2 WO, 
° [(N/2) 1 
(4. 8) In Qp, = 2N In 2 — In (37). 
The difference, 
(4. 9) In 2 — nQp, = F In («N/4), 


increases with N as the logarithm of N. The value of In Q increases 
much more rapidly, indeed, linearly with N. In Table 4. 1 the values 
of In Q, (In 2 — In Qp,), and the fractional error, (In Q — In Qp,)/InQ, are 
tabulated for various values of N. It is seen that, if the number of 
cards approaches that of the molecules in a chemical system, about 107° 
or greater, the percentage crror introduced by substituting In Qp, for 
In Q, or vice versa, would be entirely negligible. This does not mean, 
of course, that Qp, equals 2; the ratio of these two quantities is given 
in the last column of the table and is seen from (9) to be $(#N)}/?, 
We have previously stated that this ratio 2/Qp, must be smaller than 
M, the total number of possible distributions, which in this case is 
equal to N, the total number of places in the half-deck. 
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Equation (5) which states that the logarithm of the number of quan- 
tum states of the most probable distribution may be substituted for the 
logarithm of the total number of quantum states of the system has a 
great practical applicability. It is frequently far easier to evaluate 
In Qp, numerically than InQ. In Chapter 5, in which In Q for a perfect 
monatomic gas is sought, the method actually used is to evaluate In Qp, 
for the equilibrium distribution of energy among the molecules. 


TABLE 4. 1 


The value of In Q and In Qp,, for a deck of 2N cards, N each of two colors, if a 
distribution is defined by giving the number of red cards among the first N cards. 
The most probable distribution is Do = 3N. 


RE AR RI AE 


N In 2 In@—InQ,, | B&—!2 2p. a 

In Q Qy, 
10? 135.76 2.18 0.016 8.9 
10° 1382.2 3 34 0 0024 28 
104 1.3858 x 104 4.48 3.2 x 1074 89 
108 1.3863 x 108 9.09 6.5 x 1078 8 9 x 108 
1016 1.3863 « 1018 18 30 1.3 x 10745 8 9 x 10? 
1074 1.3863 x 1074 27.51 2 x 10773 8.9 x 10}! 


Equation (5) has been derived at this place for another purpose, 
however. If an inhibition that prohibits transitions between quantum 
states belonging to different distributions is imposed upon a system, 
the system will be “ frozen ” into the distribution in which it happens 
to be found. As we have seen, the probability is overwhelming that 
this would be one which is experimentally indistinguishable from equi- 
librium. Indeed we can neglect entirely the infinitesimal chance that 
the system will be found in a distribution experimentally different from 
equilibrium. After the inhibition has been imposed, the value of In 2 
will be that of In Qp for the distribution into which the system has been 
frozen. Since this distribution must be one of the probable ones whose 
value of In Qp is large and approximately that of In Qp,, it follows that 
the value of In Q for the system will be only negligibly decreased by the 
imposition of the inhibition. The imposition of an inhibition upon a 
large system does not decrease the value of In Q by an appreciable fractional 
amount. 


The closing of a stopcock between two flasks of equal volume will, with 
overwhelming probability, result in fixing practically equal numbers of mole- 
cules in each flask. If the molecules were different and distinguishable, this 
physical act would do much more than limit the system to this most probable 
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distribution, for it would trap about $N specified molecules in each of the two 
part volumes. This would decrease 2 by the factor (4N) !?/N | = 27%, the 
logarithm of which, —N In 2, is by no means negligible. The same holds for 
every physical inhibition which affects the distribution of molecules. 

Molecules of one species are, in truth, identical and indistinguishable. The 
quantum states of systems of many identical particles are of Einstein-Bose or 
Fermi-Dirac type (section 2k), and do not specify the location or state of any 
particular particle as distinguished from the others. With this method of 
counting the states the difficulty mentioned above does not occur. 

The problem was solved in classical (Boltzmann) statistics by division of 
the phase space by N'!. This is necessary in order to show, as we shall do 
immediately, that S = k In Q is an extensive property of the system. 

As said in sections 2k and 3a we always use the phase space divided by IT,;N; ! 
as the classical analogy to the number of states. 


If, however, we consider a system under the influence of an imposed 
inhibition restricting it to a certain distribution D, and then lift the 
inhibition, we see that one of two cases may prevail. Either the dis- 
tribution D was one of those indistinguishable from the equilibrium 
distribution, in which case no change will occur and the value of In 2 
will not be appreciably altered; or, if D were a distribution far from equi- 
librium, one can expect the system to be in a more probable one after a 
finite time interval, and In@ would be increased. Eventually, the 
equilibrium distribution will be attained. The lifting of an inhibition 
will either cause no change in the system, or, tf a change takes place, the 
value of In Q will be increased. 

These properties are sufficient to prove that S is an extensive quan- 
tity. The insertion of a material wall, preventing flow of matter and 
energy between two parts of the system, is the type of inhibition dis- 
cussed above. This process divides the system into two independent 
parts. The value of S for the total system, after the insertion, is the 
sum of the S values of the independent parts. Since this physical 
inhibition does not change S, it follows that, also without any wall: 
S is the sum of the values of SS for any volume parts, and S is propor- 
tional to the size of a homogeneous system, provided that the intensive 
properties, such as density and energy per molecule, are kept constant. 

We shall frequently refer to the value of In 2 of a system in a certain 
distribution D, which will be InQp. Expcrimentally, it would be 
impossible to measure the properties of a system in a certain distribu- 
tion unless we had some method of assuring ourselves that the distri- 
bution would be maintained during the course of the experiment by 
some hindrance or inhibition against the transition into other distri- 
butions. For this reason, when we refer to the value of any property 
of the system in a certain distribution D, such as the value of In 2p, we 
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shall always assume implicitly the existence of an inhibition against 
the transition of the system into quantum states corresponding to other 
distributions. 

All changes which can be brought about at constant energy in a sys- 
tem without causing a change in the properties of some other system in the 
universe may be described by the lifting or imposing of an inhibition upon 
the system in question. This has been discussed in detail in section 3f. 

We have shown that an operation on an isolated system, which does 
not cause a change in some other system, cannot produce a measurable 
decrease in the quantity In Q, and that if this operation causes a change 
in the original system In 2 must increase. 


4c. The Quantity S = kin 
The dimensionless quantity In Q has the most important character- 
istics of the thermodynamic entropy. It is an extensive property of all 
systems and increases for any spontaneous change which the isolated 
system undergoes at constant energy. The thermodynamic entropy is 
so defined as to have the dimensions of energy divided by temperature. 
We shall define a quantity S by the equation 


(4. 10) S =kingQ, 


in which the constant & has the dimensions of energy per degree of 
temperature so that the dimensions of S are those of entropy. We 
shall now proceed to prove that the quantity S is proportional to the 
thermodynamic entropy. The numerical value of k is at our disposal, 
and in Chapter 5 we shall see that, if it is chosen to be the Boltzmann 
constant of value k = 1.3804 x 107'° erg per degree Kelvin, S becomes 
identical with the entropy. 

In Q is the logarithm of the total number of quantum states available 
to the system and will be a function of the total energy and of the vol- 
ume, as well as being dependent on any inhibit*ons that may be pre- 
sumed to exist. 

The quantities 7 and w are defined by 


as 1 
(4. 1) (=) T 


(4. 12) (5). = = 


* We are employing here the usual nomenclature of thermodynamics (0/d0z),, -; 
in which the subscripts indicate the variables kept constant during the partial dif- 
ferentiation. This device is necessary since the thermodynamic quantities can be 
expressed as functions of several different sets of variables, for instance, the entropy as 
function of volume and energy, or of volume and temperature, etc. (gee Appendix AI). 
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so that 7 has the dimensions of a temperature, and w those of energy 
per volume, or pressure, force per area. 

Consider any system of fixed total energy, E, consisting of two parts, 
a and b, of energies E, and E;, between which energy can flow, but 
which are otherwise entirely independent. We wish to examine the 
equilibrium condition for the distribution of energy between the two 
parts. If the symbol 5Z, is used to indicate an infinitesimal variation 
in the energy E, of part a, the condition of constancy of the total energy 
requires that 


(4.13) B=EHE,+Eh; 6F=O0=6F,+ 6h; 5Eha = —5Ey. 


The value of Sp, for the complete system in a given distribution D, 
determined by the value of Eq, is the sum of the values of the part 
systems, 


(4. 14) Sp = Sat Sp, 


S, being a function of KE, and S, of E,. Indicating, by 6Sp = 
(dSp/dE,) 6K, the infinitesimal change in Sp brought about by a 
change 6£, in the energy of a, one obtains the equation 


as 
(4.15) 6Sp = (532) 5E, = (SF) bE +(F a) 5Ez, 


and, from (13) and (11), 
(4. 16) dSp _ (=) _ (52) _ A. 1 

dKa OH V 0K V Ta Tb 
Equilibrium corresponds to a maximum of Sp, and therefore to 
dSp/dE, = 0, which is satisfied by tg = 7). Spontaneous change in 
Eq will take place only in such a way that Sp increases, that is, that 
5Sp is positive. From (16) it follows that if 1/7, > 1/7., or ta < 72; 
5E, must be positive, that is, the energy of part a of the system will 
grow at the expense of the energy of part 5. 

We arrive at the conclusion that between any two systems energy 
flows spontaneously from the system of higher 7 value to that of lower 
7 value, and the two systems will be in equilibrium if they have identical 
values of r. The qualitative definition of temperature is just this, that 
energy will flow from a system of high temperature to one of low temper- 
ature, and will cease to flow if their temperatures become identical. 
The condition of equilibrium which we have just found, equal 7 values, 


is also the condition of equal temperatures. Since any two systems 
whatsoever that have the same 7 have also the same value of 7, it fol- 
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lows that 7 is the same function of 7’, and only T, for all systems. 
Furthermore, since high 7’s correspond to high 7’s, we know that 7 is a 
monotonously increasing function of 7. In Chapter 5 we shall find 
that the energy of a monatomic gas is 3Rr/2 per mole, which identifies 
7 with the temperature in a perfect gas and therefore in all systems. 

We shall now investigate equilibrium with respect to the distribution 
of volume between two systems. Consider a system of fixed total 
energy E, and volume V, consisting of two parts, a and b, with energies 
and volumes E,, Ey, Va, and V,. Energy will be assumed to flow 
between a and b, and the volume of one system may grow at the expense 
of the volume of the other, but otherwise the two part systems a and 6 
are independent, so that no matter may be transferred from atob. We 
shall study the value of Sp of the system as a function of Va, that 1s, as 
a function of the distribution of volume between the two systems. 

As before, we have condition (13) of constant total energy, that 
dE, = —65E,, and the additional condition of constant total volume, 


(4. 17) V = Vat Vo, 6bV = 0, 5V, = —6V4. 


The two parts of the system will remain in equilibrium with respect to 
the flow of energy between them, which, as we have just seen, assures 
us that rg = 7». The change in Sp, 5Sp = (dSp/dV,)iVq, brought 
about by an increase 5V, in the volume V, of part a, will be composed 
of two parts, one due directly to the change in volume of the parts, and 
the other due to the changes in energy (dE,/dV,) 6V, necessary to 
maintain equilibrium with respect to the distribution of energy, 


_dSp %8e) _ 
(4. 18) Sp = 7? 6Ve = | (Se : (FF (Me 


OSa =) IF 
7 | (), (= vidVa ve 


Using (11), and the condition that rz = 1, the coefficient of the latter 
term is seen to be zero, and with (12) one obtains 

Sp 
dVa 


(4. 19) bSp = 6V, = - (1a — 7p) 5Vo. 
If +g = m, the system is in equilibrium. The spontaneous change, for 
which 6Sp is positive, will take place with an increase in V, if zz, is 
greater than , and in the opposite direction if rg < 7p. 

Two such systems are in equilibrium only if their pressures are equal, 
and so we see that any two systems of equal 7, and therefore of equal 
temperatures, have equal values of x if their pressures are equal. For 
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all systems at the same temperature, wr is the same monotonously 
increasing function of pressure alone. 

Therefore, if the identification of +r with temperature and 7 with pres- 
sure is undertaken for one system only, it can immediately be gener- 
alized for all systems. 

The simplest system for this purpose is the perfect gas, treated in 
Chapter 5. We might therefore refer the reader at this stage to that 
chapter and anticipate the results found there. This procedure would 
be complete and logical. It seems somewhat unsatisfactory, however, 
partly in view of the fact that the pressure is a purely mechanical quan- 
tity which can be, and has been in section 3b, directly defined. 

In the next section we will show that the definition (3. 7) of P is iden- 
tical with the one of + made here, (12), and that 7 can be made to 
coincide with the thermodynamic temperature by adjustment of the 
scale factor k in S. 


4d. Identification of Entropy, Temperature, and Pressure 

The quantity S which is to be identified with the entropy is defined 
as a function of the volume and the energy of the system. All other 
outer variables on which the system, and therefore S, may depend will 
at first be assumed to remain constant. The functional dependence of 
S on V and E may be used to express the energy E as a function of V 
and S. The quantities + and aw defined by 1/r = (0S/dE)y and 
w/t = (0S/0V)x, appear then as derivatives of the energy with respect 
to Sand V. Namely, if first V is kept constant, it follows that 


OE aS\7} 
nee (<5), = (Fa), si 


If S is to remain constant the change of E with V must be such that 
8) + (8), (2 
OV) xg OE ]y\aV/ 5 
or 


; —1 
am (8),--@),Q) = 
aV 8S aV E dE V 
Now the pressure P was defined in section 3b as a purely mechanical 
quantity. It was shown there that P is the negative derivative of the 
energy with respect to volume under certain conditions, namely, if the 
energy changes with volume in such a way that the number of quantum 


states of the system below the energy remains constant. We have 
stated in section 4b, and will discuss at greater length in section 4f, 


I 
i=. 
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that the 2 determining S by the relation S = k1n © could be calculated 
as just this quantity: the number of quantum states below the energy 
of the system. It follows that P as defined in equation (3. 7) is the 
negative derivative of energy with respect to volume at constant value 
of S, P = —(0E/dV),s. Equation (21) therefore proves x to be equal 
to the pressure. 

In general the thermodynamic state of the system, and therefore S, 
may depend on several outer variables x,---2, (for instance, for a 
crystal, on those determining the exact shape). Precisely the same 
considerations may be applied to these as to V. If we define the quan- 
tities F,, by 


"ay d 
(4. 22) ee (=) ; 
T Ox, E,z),..., Pcs Rygie 969 ze 
it follows that 
ok 
(4, 23) F;, - o (=) ’ 
OL, S215 00 + Fy pygp ese Ly 


which is, according to the previous discussion, equivalent to the defini- 
tion (3. 6) of the generalized force with which the variable z, tends to 
increase. 

We may write then 


v=n 


(4, 24) dE = — X F,, dx, +15, 
yal 


or, if the volume only is changed, 
(4, 24’) dE = —PdV + cds5. 


The first » terms in (24) represent the work done by the outer forces, 
or the negative of the work w done by the system. By definition, then, 
the last term 7 dS is equal to the heat absorbed, q, 


(4, 25) dE = —wt+q= —w+.d. 


It is known in thermodynamics that the total amount of heat absorbed 
by a system in a finite process is not a function of the initial and final 
thermodynamic state alone but depends on the path between these 
states. The mathematical expression of this fact is that the infini- 
tesimal heat absorbed, g = dE + w, is not the complete differential of 
any function of outer variables and energy. The definition of the 
thermodynamic temperature, and simultaneously of the entropy, is that 
the expression 


(dE + 3 Fz, dz,) = dS 


a 


(4. 26) r = 
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is a complete differential, that is, that there exists a function S which 
depends only on the state of the system, namely, the thermodynamic 
entropy, for which dS = q/T. This is stated usually in the short form 
that 1/7 is the integrating factor of the heat. 

The relation obtained above, g = 7 dS, shows that the quantity 7 has 
just this property which is used to define 7. Moreover, it can be 
shown easily that, except for a multiplicative constant, 1/7 is the only 
integrating factor which has at the same time the property of being the 
equilibrium parameter for heat flow, that is, of being equal for two sys- 
tems in thermal contact. 


Any other function @ satisfying the relation d@ = q/f(a,°°* ,2n,f) must 
be a function of S alone, @ = $(S), and therefore f(21,°°* ,tn,) = r(do/dS)™. 
If this latter quantity is to be the same for any two systems in thermal con- 
tact, dp/dS must be a constant, and ¢ proportional to S. 


Now the definition of S contains the factor k which has as yet not 
been determined. 7 is proportional to k~’, and the heat gq = rdS 
independent of k. It is consequently possible to adjust the constant k 
in such a way that the scale of 7 is identical with the scale of the thermo- 
dynamic temperature 7. T is defined with the help of the perfect gas, 
and in the next chapter we shall show that 7 and 7 become identical if k 
is chosen as the Boltzmann constant. 

We have proved, then, that 7 is equal to the thermodynamic temper- 
ature and that S is equal to the thermodynamic entropy. 

We may now write the equations for the change of energy in the form 


(4. 27) dK = —X F,, dz, + TdS 
=—-w+T ds, 


or, if the only outer variable of importance is the volume, 
(4, 27’) dE = —PdV+Tds. 


The physical significance of equation (27) is the following. Any 
infinitesimal change of energy has been split into two additive terms. 
The first one arises from the action of outer forces, or changes of outer 
variables. Owing to these changes the mechanical conditions of the 
system are altered and therefore the energies of all quantum states are 
changed. The total energy of the system varies in this process as the 
average of the energies of all states available to it. This energy change 
is equal to the work done on the system. During the change the number 
Q of quantum states available to the system, and therefore the entropy 
S = k ln Q, remain constant. 
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The second part of the change of energy takes place at constancy of 
all outer variables. The mechanical description and the location of all 
quantum states remain unaltered. The system merely absorbs or gives 
up internal energy by going to a range of quantum states of higher or 
lower energy. A measure of this is obtained through the function S 
which depends monotonously on E. This part of the energy change, 
T dS, is called the heat absorbed by the system. 


4e. The Limits of Validity of the Second Law of Thermodynamics 


“ What, never?” ‘ No, never!” 
‘“ What, never?” ‘ Well, hardly ever!’’ 


H. M.S. Pinafore. 


The second law of thermodynamics can be stated in the form: the entropy 
of an isolated system never decreases. We have now claimed that this funda- 
mental law is a consequence of the theorems of mechanics. It is appropriate 
at this time to investigate the extent to which exceptions to this law might 
conceivably be observed. 

The entropy of a system has been identified with the quantity S = k1nQ, 
in which Q is the number of states available to the system. The statement that 
S never decreases in an isolated system of constant energy was based on three 
propositions: all processes carried out upon a system without changing its 
energy or involving a change in some other system correspond to the lifting or 
imposing of an inhibition; the lifting of an inhibition always increases the 
available states; and the imposition of an inhibition decreases the value of S 
by only a negligible amount. 

The first of these statements is obvious enough if we consider that any system, 
no matter how complicated, can be described by means of states in phase 
space; and that all the processes obeying the criterion of not resulting from a 
change in other systems merely allow changes in the distribution of the sys- 
tem, or prevent such changes from occurring. The second assertion, that the 
lifting of an inhibition can only increase S, is sufficiently evident. 

We may now examine more closely the last statement, that imposing an 
inhibition results in a negligible decrease in S. The application of an inhibi- 
tion limits the system to some particular distribution D with respect to some 
subdivision. The decrease in S caused by this process may be arbitrarily 
divided into two parts. The first of these is that which accompanies the inhibi- 
tion to the most probable distribution Do, kInQ — klnQp,. The second part 
is the difference between the entropy of the most probable distribution D, and 
that of the real distribution D into which the system happens to be frozen, 
k\nQp, — kin Qp. 

The first of these decreases is of no physical significance and has nothing to 
do with the actual validity of the second law, but concerns only the validity of 
the method of calculating entropy. This is clearly seen if we consider the 
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nature of the physical act to which the imposition of the inhibition is made to 
correspond. Closing a stopcock between two flasks of gas in case they are in 
equilibrium can cause no change in the system which could violate a law of 
thermodynamics. Similarly, the prevention of a chemical reaction from 
fluctuating away from equilibrium by removing a catalyst, or the prevention 
of variations in the temperature of two bodies by severing thermal contact, 
cannot have results that are contradictory to the second law. 

The numerical equivalence of k In Qp, and & In Q is due to the nature of the 
acts which can be undertaken experimentally to limit a real system to one 
distribution. Such operations always correspond to subdivisions of the sys- 
tem which are so coarse that the logarithm of the number of distributions is 
truly negligible compared to the logarithm of 0 (see equation 3). 

This does not prevent an individual from making a stupid mistake of calcu- 
lation by attempting to identify In Qp, and In Q for a distribution subdivision 
so fine that the two quantities are not equivalent. Such an error has nothing 
to do with the laws of thermodynamics, and indeed the values of In Q are so 
great in practice that such a blunder is rather difficult to make. 

On the ‘other hand, there exists a definite finite probability that a given 
decrease in entropy may be observed by trapping a system in a condition of 
non-equilibrium. This probability can be calculated.* 

We wish to determine the chance that the distribution found, after imposing 
an inhibition upon a system, will have a lower entropy than that of the most 
probable one by an amount —AS or greater. If we consider subdivisions of 
the system into two parts only, the distributions can be numbered, arbitrarily, 
from negative to positive values, in such a way that the most probable dis- 
tribution has the number zero, Do = 0. This was done, for instance, in the 
example in section 3c. The quantity In Qo — InQp is then developed as a 
power series in D. The constant term in the series must be zero, and since by 
definition D = 0 has the maximum value of In Qp, also the linear term is absent. 
The series begins with a quadratic term. Higher powers can certainly be 
neglected for small values of D, and actually in large systems up to very large 
values of the quadratic term, so that 


(4. 28) In Q) — InQp = aD?, So ~— Sp = 8 = kaD?, 


The quantity a will depend on the type of system, its size, and the sort of sub- 
division to which the distribution corresponds. 

The ratio of the probability of the distribution D to the distribution 0 is 
Qp/N = e~*?* = e~*/* from (28). The probability of any distribution D 
is then 


Pp dD = Ce~*™ aD, 
and the undetermined constant C’ can be evaluated by integrating} this equa- 
* The method followed is essentially that of Einstein, Ann. Physik, 33, 1275 (1910). 


t Pp becomes negligibly small for large D, so that we can use the above approxi- 
mation up to D = © without appreciable error. 
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tion from —o to +0, obtaining C(7/a)'/?, which must be unity, since the 
sum of all probabilities is one. Then, 


1/2 
(4. 29) Pp dD = () e~** dD. 
Ug 


Now from (28) the number of distributions dD in an interval ds of entropy 
is dD = ds/2kaD, which, however, must be multiplied by 2, since both positive 
and negative distributions contribute to the same range ds. The probability, 
P,, of a distribution with entropy less than that of the most probable one by 
an amount s, per unit range ds, is 


(4. 30) P, ds = (mrks)~%e—*/* ds, 


For moderately large values of AS/k, the integral of this function from AS 
to infinity 


oe) eAS/k 
4, 31 Pideee 
een J. * GrAS/k)? 


is the probability that a decrease in entropy of AS or greater will be observed. 

The result is simple and perfectly general. Independently of the size of the 
system, of its nature, or the kind of distribution inhibited, the probability that 
a distribution differing from that of equilibrium by an entropy difference of 
AS or greater can be found is, neglecting the relatively unimportant denom- 
inator, e~“8/* . 

The order of magnitude of this figure can be appreciated only by ascertaining 
the value of the entropy of some real system. S/k for one mole of helium 
at 273°K., 1 atm., is 4 < 10%. It is seen that the chance of observing an 
entropy decrease in any system of one-millionth of this amount is about 107", 
a sufficiently small number. 

The probability calculated above refers to a given absolute decrease in 
entropy. An appreciable relative decrease AS/S may be observed in a suf- 
ficiently small system. However, owing to the multiplicative law of inde- 
pendent probabilities, it is clear that the same chance exists for observing a 
given absolute entropy decrease by simultaneous independent application of 
inhibitions to many small systems as to one experiment on a large one. 


4f. The Relation between Entropy and the Uncertainty in the Energy 
The entropy of any system was found to be S = k1nQ, where © is 
the total number of quantum states available to the system at a given 
energy. The exact definition of 2 (section 21) equates it to the number 
of quantum states within a certain range of uncertainty 5H, so that we 
can write Q = Q(E) é6E. If 5E is large compared to two neighboring 
energy levels, 2(#) is a smooth function of the energy which is unam- 
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biguously defined and calculable. However, © is proportional to the 
somewhat undetermined quantity 5£. 

Numerical calculations of S, on the other hand, are independent of 
the size of 5H over a wide range. Indeed, to within the limits of accu- 
racy with which one determines S in practice, it makes no difference 
whether it is equated to the logarithm of the number of states whose 
energy deviates from E by less than dE, or even to the logarithm of the 


number of states whose energies lie below E, f Q(E) dE. This can 
0 


be seen readily. Since dQ/dE is always positive, 2(E’) increases monot- 
onously with E, and the two numbers in question differ at most by a 
factor E/sE, 


E hl vw 

(4. 32) in f Q(F) dk — In _ < In [Q(F) 6F] < in f Q(E) dE. 
; U 4 0 

Unless 6F is chosen extremely small, In (£/5F) is completely negligible 
compared to the tremendous numbers of states. For example, the 
system consisting of one mole of helium at 273°K. and 1 atm. pressure 
has InQ = 4 X 107°, An excellent experiment might determine the 
energy to within one part in a million. This corresponds to a value of 
In (H/5E) about equal to 14. Even if 6E/E is chosen as small as 
1071, In (#/6E) ~ 107°, the difference of the right- and left-hand 
sides of the above inequality is only one part in 10°, and the definitions 
of S as proportional to the logarithm of the number of states in the 
region 5H, or of the number of states below F, would differ only by 1073 
per cent. It is seen, therefore, that for macroscopic systems the uncer- 
tainty in any ordinary experimental measurement of the energy is far 
greater than any 6H which would affect the numerical value of the 
entropy. 

However, from the purely theoretical point of view, one would feel 
quite uncomfortable if there existed no natural limit to the smallness 
of 5E. If someone were to insist that in the example above 6E/E = 
107! be chosen, the entropy of helium would be very appreciably 
affected. Actually, such a natural lower bound to the value of 6# does 
exist as was discussed in section 21. 

It is obvious that, if a system a is in thermal contact with another 
one b, so that a and b constantly influence each other and exchange 
energy, it is nonsense to speak of the energy of a as exactly determined. 
In fact, there exists a relationship (2. 35) between the utmost accuracy, 
5E, with which the energy can conceivably be determined, and the time 
At for which the system must remain undisturbed. 


(4. 33) bE + At > h. 


102 THERMODYNAMIC LAWS (Sec. 4f 


This means that in order to determine the energy within an accuracy 
5E the system must be kept so that no energy enters or leaves it for at 
least a time interval At connected to 6H by (33). The energy of a sys- 
tem, then, has an infinitely sharp value only if the system is completely 
isolated for an infinite length of time. 

To get an idea of the order of magnitude, one may calculate that, if 
At is one second, 6Z > h/1 = 6 & 107-2’; and if Atisa year or 3 X 10’ 
seconds, 6E > 2 < 10-34 erg. Now the energy of a mole of helium at 
standard conditions is about 3 < 10° ergs, so that, using one year, 
which would be a pretty long time to completely and successfully iso- 
late a mole of helium, and certainly an impractically long time to leave 
between observations, we find that 6£/E£ > 107**. Since we have 
seen that this quantity could be as small as 107'°", without disturbing 
us much, we find that we are pretty safe. 


The fact that 5 decreases as the inverse time of isolation appears to lead 
to the result that a really isolated system, isolated for infinite time, has zero 
entropy. Indeed, the true stationary states of sharp energy, which on prin- 
ciple could be calculated, but cannot in practice, owing to our limited capabil- 
ities, have just the property that the system persists in them unless perturbed 
by outer influences. The exact degeneracy of the corresponding levels will 
presumably be small and independent of the size of the system. Classically, 
these states correspond to closed orbits in phase space, but because of the 
uncertainty principle of coordinate and momentum (2. 11) phase relations 
cannot be determined. A completely isolated system is absolutely non-ergodic 
with respect to these states. 

An observation of any kind made upon the system immediately introduces 
an uncertainty into its energy and causes unpredictable transitions to any one 
of 2 states of approximately the same energy. An exact determination of the 
energy of a system precludes the knowledge of its entropy. This fact was 
stated clearly from a classical basis by Gibbs. 


The necessary uncertainty in the energy of a system upon which 
observations are being made is sufficient to lead to an asymptotic value 
of the entropy, practically independent of the conditions of observation, 
provided that the system is of macroscopic size. 

Since the entropy is linearly proportional to the size of the system, 
it is small enough for systems of molecular size to be appreciably affected 
by uncertainties in the energy, which are essentially independent of 
size. In that case, only the method of Gibbs (Chapter 10) can be 
applied. It consists in treating, not the one system, but instead a large 
number, N, of identical systems in thermal contact. Energy NE, and 
entropy NS as function of NE, for this combination system can be 
calculated without trouble. The entropy S of the small system is 
thereby found as a function of its average energy E. 
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4g. The Third Law of Thermodynamics 

The number In Q for any system is naturally and completely deter- 
mined and contains no additive integration constant. Moreover, it is 
necessarily positive. The entropy S, of dimensions energy per degree, 
has, therefore, a fixed positive numerical value dependent only on the 
units of energy and temperature. This is, perhaps, the most general 
statement of the third law of thermodynamics. 

It is clear that although W, the phase volume measured in units of 
hf, and Q, the number of quantum states, are asymptotically equal for 
many systems under certain conditions, nevertheless, the existence of 
an absolute entropy is a consequence only of the laws of quantum 
mechanics. For the definition of entropy and the derivation of the 
second law, it is quite immaterial in what units the classical phase vol- 
ume is measured; a change of units results only in the occurrence of an 
additive constant in S. The use of W as a dimensionless quantity, 
phase volume divided by h/, fixes this integration constant in such a 
way that the classical expression for the entropy corresponds to the 
quantum-mechanical one. However, h is essentially a quantum magni- 
tude, and classical mechanics itself has no natural way of defining a 
quantity of correct dimensions in whose units the phase volume could 
be measured. Moreover, as the energy of the system is lowered, the 
phase volume approaches zcro, the classical entropy minus infinity. 
Quantum mechanically the system can never exist in less than one state, 
of phase volume h/, so that S can at worst become zero. The third 
law of thermodynamics is the quantum-mechanical law of thermody- 
namics, although it was independently discovered. 

The general statement of the third law given above has no great 
value to the experimental thermodynamicist. It is scarcely consoling 
to know that the integration constant present in the thermodynamic 
definition of entropy is naturally defined, if no experimental method is 
given for its determination. 

Actually it appears to be impossible to give gencral directions for its 
determination in purely experimental terms. It is probable that all 
completely uninhibited real systems have one state of lowest energy, or 
possibly a small number of states, independent of the size of the sys- 
tem. S will then be zero, or practically so, at the lowest possible 
energy of the system. However, this state may not be reached in 
reasonable time by the system at low temperatures. All reaction rates 
go down with temperature, so that real systems have an even greater 
tendency to behave in a quasi non-ergodic manner at low temperatures 
than at high ones. If brought into thermal contact with a heat reser- 
voir at almost absolute zero for considerable periods of time, they may 


104 THERMODYNAMIC LAWS [Sec. 4h 


not even nearly reach this lowest state. In that case the entropy at 
absolute zero may not reach zero but a residual value, the zero point 
entropy, which, however, is never large. 

Such systems may not differ in any single, simply detectable, experi- 
mental way from others which have zero entropy at the absolute zero 
of temperature. Carbon monoxide and hydrogen exhibit this behavior. 
The zero point entropy of carbon monoxide is due to the fact that for 
the relatively high temperature at which the crystal freezes the most 
probable arrangement is one with (almost) random orientation of the 
molecules with respect to the oxygen and carbon ends. At low temper- 
atures, reorientation is extremely slow, although presumably one pre- 
ferred orientation would be most stable. In hydrogen the zero point 
entropy is connected with the slowness of transitions between even and 
odd rotational states, which will be discussed later in greater detail. 
In neither of these cases is the behavior surprising when once under- 
stood. An idealized system with corresponding inhibitions can be 
imagined, and the calculated entropies agree with measurements. 
There is no reason to believe that the entropy of the real systems would 
drop appreciably at lower temperatures than have been investigated. 

Several objections may be raised to the common attempt to state the 
third law of thermodynamics as: the entropies of perfect crystalline 
substances at absolute zero are zero. The criterion of whether the 
crystal is perfect or not is hard to apply except just by a determination 
of its entropy. It also appears that certain non-crystalline substances 
have zero entropy at O°K. Theoretically this is predicted for the per- 
fect gas and observed for the electron gas in metals, and it also appears 
that the entropy of liquid helium approaches zero at absolute zero. 

Nevertheless, whatever difficulties may be present in making an 
exactly valid and also experimentally useful statement of the third law 
of thermodynamics, the value of this law must not be underestimated. 
Even were it not for the relatively recent calculations of entropies by 
means of statistical mechanics, in which, of course, the absolute values 
are determined, the fact that many systems have zero S at 0°K. has 
been extremely useful to the experimental thermodynamicist and has 
greatly aided in the calculation and tabulation of entropies and free 
energies. 


4h. The Conditions of Equilibrium and the Chemical Potential p 

After the identification of +, r, and S with pressure, temperature, 
and entropy has been performed, thermodynamics is shown to be a 
consequence of statistics. For the definition and characteristics of 
thermodynamic potentials we might simply refer to any textbook on 
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thermodynamics. However, partly on account of the confusion of 
nomenclature, we prefer to give a short outline here. The discussion 
of this section is purely thermodynamic. aw 

The entropy S, which may be defined by equations analogous to 
(11) and (12), 


as 1 
(4. 34) (=). = QT’ 

as P 
(4. 35) (=) = 7 


is stated by the second law to increase in all spontaneous changes taking 
place at constant energy. The condition of equilibrium in an isolated 
system of constant energy and volume is that S be a maximum. If 
any variable x which defines a distribution of some sort in the system 
is allowed to change, the change in S accompanying the variation 6z in 
the vatiable z is 6S = (0S/dxr)y,z 6x. This change must be zero at 
equilibrium; (0S/dxr)y 7 = 0 will determine the equilibrium value of z. 

However, we seldom investigate experimentally the properties of 
systems kept at constant volume and energy, but rather of systems at 
constant volume and temperature, or even more frequently at constant 
pressure and temperature. It will be found convenient to define new 
extensive properties of the system, A(V,7), a natural function of vol- 
ume and temperature, and F(P,T), a natural function of pressure and 
temperature, as 


(4, 36) A(V,T) = E—TS, 
(4. 37) F(P,T) =A+PV=E+PV —TS. 


A is called by various authors either the Helmholtz free energy, the 
free energy at constant volume, or the work function by Lewis and 
Randall. F is called the Gibbs free energy, the free energy at constant 
pressure, the thermodynamic potential at constant pressure, or simply 
free energy by Lewis and Randall. The equilibrium conditions at 
constant temperature and volume are that A have its minimum value 
or that (0A/dr)y7 = 0. For a system maintained at constant pres- 
sure and temperature, equilibrium will be attained if (OF /dr)p 7 = 0. 

These conditions are easily proved. We regard the system a which 
we wish to maintain at constant volume and temperature as a sub- 
system in thermal contact with an infinite heat reservoir b, of the same 
temperature, the whole comprising a combined system which is kept at 
constant energy and volume. A change 62 in the distribution variable 
z within the subsystem a will cause in a a change in entropy 5S, = 
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(0S,/dx)y,7 6x, and also a change in energy, 6Eq = (0F,/0z)y,r 62, 
which will be accompanied by an equal decrease in the energy of }, 
5E, = — 6Eq. This decrease causes a change (05S,/0Hb)y 5Ey = 5S, in 
the entropy of the reservoir b. Since (0S,/df,)y = 1/T, and 6£, = 
—6éKq, this entropy change is 6S, = (—1/7T) 6E,. The total variation 
of entropy 6S of the combined system 1s 


(4.38) 6S= (=) bx | (=) a (S) [oz 
Ox VE Ox V,T T \ oz V,T 
1 (=) 
~—— — 6x 

T \ oz V,T 
from (36). 6S must be positive for every spontaneous change, from 
which it can be seen that the spontaneous reaction takes place in such 
a direction that A, decreases. Equilibrium will be attained when 
(0S/dx)y 2 = 0, or when (0A,/0x)y 7 = 0. 

The condition for equilibrium in subsystem a, kept at constant vol- 
ume and temperature, is that the property A remains unchanged for an 
infinitesimal variation in the variable z; the spontaneous process takes 
place in such a direction as to decrease the value of A. 

Similarly, if the part a is kept at constant temperature and pressure, 
so that the infinite reservoir b is allowed, not only to lose energy to a, 
but also to change in volume by an amount —45V, for an increase 


5V_ = (0V,/0x)p 7 6x, brought about in a by a change in the variable 
x, one obtains for a change 6x in 2, 


0s 0Sa 1 0E, PdOV, 
4, < 9 S = ct aa: ean, ene: Se eee cae. ee = 
( : ) : (5 ). ( Ox T ox T ox . ne 


1 2) ; 

| dx / p,r : 
Equilibrium is established when (0F,/0x)p 7 is zero, and the spon- 
taneous process goes in such a direction as to decrease F. 

One of the most frequent problems of distribution to which the interest 
of the chemist will be drawn is that of the number of molecules of a 
certain kind between two parts a and b of a system. If N;, the num- 
ber of molecules of kind 7 in the whole system, kept at constant volume 
and energy, is fixed, and N,; and N;; are the numbers in the two sub- 
systems, respectively, Na; + No; = N;, we may ask for the condition 


that will determine the equilibrium values of Nz; and N;;. We shall 
first consider that the interchange of energy and volume between a and 
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b is inhibited, so that, during the transfer of 5Nq;(= —6N»,) molecules 
from b to a, the energy and volume of a and b remain unaltered.* We 
may write immediately 


os OSa OS, 
& a:/ VE ONai/v.E ONvi/ vz 


- The equilibrium condition is that of equal values of (0S/dN;)y,z in the 
two parts of the system. 
If the chemical potential, u;, of molecules of tvpe 2, is defined as 


as My 
4, 41 —_— = ——¥y» 
( tam (i 


then (40) leads to the result that, if the whole system is at one temper- 
ature, molecules 7 will move spontaneously from that part of the system 
in which their chemical potential is high, to that part in which it is low, 
and equilibrium will be attained when their chemical potentials are the 
same in both parts of the system. 

If, in the original system, energy were not inhibited from flowing 
between parts a and b, the equilibrium condition would be that T, = Tb, 
and the total entropy of the system would be unchanged by an (infini- 
tesimal) transfer of energy from b toa. In consequence of this, even if 
the transfer 6N,; of molecules from a to b were accompanied by an 
energy transportation, equation (40) would still give the total entropy 
change in the combined system, and the condition of equilibrium would 
be, as before, that ua; = up, It 1s obvious that the same consideration 
holds if changes in the volumes V, and V;, are uninhibited. 

Using (36) for A(V,7), we see that any change (dA)y,7 in A at con- 
stant volume and temperature can be written as 


(4. 42) (dA)yr = —T(dS)y,7 + (dE)y,r, 


and the change (dS)y,7 can be written as the sum of the changes (dS)y 
at constant energy plus (0S/dE)yp (dE)y.7 = (1/T) (dE)y.7. Putting 
this in (42), the terms due to the change in energy cancel, and we 
obtain 

(dA)yr = —T(dS)y 2, 


or using (41) 


0A os 
, =-T(—) =u, 
oe G - a ee : 


* This process, obviously, does not correspond to any simple physical or chemical 
experiment, but can be undertaken in thought. 
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Similarly, for (dF) p.7 we may substitute 
(4.44) (dF)pr = PV)prt+ (A)pr 


= P(dV)prt+ (dA)yr + (35) Vea : 


It is a well-known thermodynamic formula that (0A/dV)7 = —P, 


so that 
(dF )p,r F, (dA )y,r; 


and we obtain from (43) that 


(4. 45) (=) - 
ON:/pr ae 


Now if we inquire into the condition of equilibrium numbers N,; and 
N»; of molecules in two parts a and b of a combined system, kept at 
constant volume and temperature, or constant pressure and temper- 
ature, we must demand that A, or F, respectively, be unchanged by the 
transfer 5N,; of molecules from b toa. From (43) and (44) we see that 
in these cases as well as when the total system is kept at constant 
energy and volume we arrive at the general relationship that at equi- 
librium 
(4. 46) Mai = Hoi. 


The chemical potential y; is the partial molal free energy, F;, of 
Lewis and Randall, divided by Avogadro’s number. It might be called 
the partial molecular free energy of the molecules of type 7, and must 
at equilibrium have the same value in all parts of the system. In a 
system of one component, consisting of one kind of molecules only, the 
derivative of the extensive quantity F with respect to the number of 
molecules, (OF /dN)p 7, in which the intensive pressure and temper- 
ature are held constant, is independent of the number of molecules, and 
it follows that F is just the number of molecules, N, times p, 


(4. 47) F = Nu (one-component system). 


If one deals in thermodynamics with different parts of a system, one 
usually refers to parts which are not only experimentally distinguish- 
able, but even obviously distinguished, such as different phases, liquid 
and gas, solid and liquid, etc. There is, however, no logical limitation 
to the application of the laws derived above to finer subdivisions of the 
system. In statistical mechanics it will be found extremely useful to 
do this. 


CHAPTER 5 
THE PERFECT MONATOMIC GAS 


(a) The Mathematical Representation of the System. (b) The Distribu- 

tion of Energy among the Atoms. (c) The Most Probable Distribution. 

(d) Boltzmann Statistics. (e) The Equation of State. (f) Maxwell- 

Boltzmann Distribution. (g) Evaluation of e* and Limit of Applicability 
of Boltzmann Statistics. 


5a. The Mathematical Representation of the System 

In this chapter we wish to calculate the properties of the simplest 
thermodynamic system, namely, the perfect, monatomic gas. These 
calculations are used not only as an example; they belong in the scope 
of the general discussions, in so far as the results obtained here will 
enable us to identify the quantity 7, defined in equation (4. 11) and 
shown to be proportional to the temperature in section 4d, with the 
temperature itself, provided that the proportionality factor k is chosen 
as the Boltzmann constant. 

We will represent the perfect monatomic gas by an idealized ergodic sys- 
tem of independent mass points. 

The treatment of the atoms as independent is certainly justified at 
sufficient dilution. Since the forces between the atoms are of short 
range, an atom will, most of the time, travel in field-free space, and will 
but seldom be within the range of the forces of other atoms. The inter- 
action, therefore, takes the form of collisions, that is, spontaneous 
transitions to other quantum states which make the system ergodic 
(compare section 3f). Since all gases become perfect at low enough 
densities, independence of the atoms must be the criterion of a perfect 
gas. 

The states of electronic excitation of the atoms are neglected com- 
pletely. This is justified for normal temperature ranges if, and only if, 
the energy of these excited levels is very high. A proof of this state- 
ment, and a detailed discussion of the cases of deviation from this 
assumption, are presented in section 6e. In one way, however, we wish 
to take the internal degrees of freedom of the atoms into account: the 
ground level of the atom may be g-fold degenerate. (Compare section 
2h, example 3.) Actually, in stable atoms this happens only on account 
of the possible orientations of the nuclear spin, s,, 80 that g = 2s, + 1. 
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The mechanical behavior of the atom is then the same as that of a mass 
point, except that every state of the point corresponds to g states of 
the atom. : 

The quantum states, or cells, of one point of mass m in a volume V 
have been calculated in section 2g, example 1. To distinguish it from 
the energy E of the total system, the energy of the individual molecules 
will from now on always be designated by e. The energy of an atom 
in any of the cells described by the three integral quantum numbers, 
k,, k,, kz, 18 given by 

2 


h 
(5. 1) €= Fils (k? + k? + k?). 


The asymptotic number of states of one mass point, whose energies lie 
hetween ¢ and e + Ae, was calculated in equation (2. 34) and has to 
be multiplied by g to give the corresponding number of states of the 
atom, 


r 
(5. 2) Cle) Ae = 4ag a (2me)/? Ae. 


The energy, E, of the total system is the sum of the energies, (1), of 
the individual constituents. The possible states of the total system, 
and therefore the number 02(£) of states consistent with E, and the quan- 
tity S(E) of Chapter 4, depend on the kind of system the individual 
particles form: Einstein-Bose or Fermi-Dirac (compare section 2k). 
The calculations will be made for both cases, and for the third, classical 
one, which treats the atoms as distinguishable in principle and leads to 
Boltzmann statistics. 


5b. The Distribution of Energy among the Atoms 

First, the most probable distribution of atoms over the ranges of 
energy will be determined. Assume the scale of energy, ¢, of the single 
particles to be divided into regions, the jth one extending from ¢;_; to 
e;, The ¢€; values may be chosen equidistant or otherwise, but the dif- 
ference between consecutive energy values, Aje = €; — €;-1, must be 
large compared to two neighboring levels of an atom; it will later be 
demanded that A,e also be small enough to allow summations over the 
different regions to be replaced by integration over e. The surfaces of 
constant energy €; divide the six-dimensional phase space (u space) of 
the individual mass points into ranges, each of which contains very 
many cells, or quantum states of the particles. The phase volume of 
the jth region, that is, the number of quantum states whose energies lie 
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between e;_; and ¢,, will be designated by C,,, and is equal to the quantity 
C(e,) A, of equation (2). 

A distribution D of the atoms over these energy regions is defined 
by giving the numbers N; of molecules whose energies lie in the jth 
region. It is now our task to calculate the number of states, Qp, which 
are consistent with one distribution. The result is different for the dif- 
ferent kinds of systems. 

1. Hinstein-Bose systems. If astate of the total system is determined 
by the number of atoms in each cell it is necessary to calculate the num- 
ber of ways in which N; identical (unnumbered) balls can be distributed 
among C; boxes. This is the same as the number of ways in which N; 
can be expressed by a sum of C’, integers, some of which may be zero, 
different order of the summands being counted as different. In Appen- 
dix AVIT. 10 this number is calculated to be 


(Cpa Ng 1). 
(Cj; — 1) !N;! 


The total number of states is the product of this expression for all ranges, 


jig Ca NG ND 
oye) 0 = Wes ay iN, | 


2. Fermi-Dirac systems. If there may never be more than one atom 
in a cell, NV; must be equal to or less than C,. The number of ways in 
which N; indistinguishable balls can be distributed into C; boxes, no 
more than one to a box, must be calculated. This amounts to a calcu- 
lation of the number of ways in which the C’, boxes can be divided into 
two groups, of N; full ones and (C, — N,) empty ones. This number 
is given (see Appendix A VII. 9) by 


C,! 
N;1(C,—N,)! 


The total number of states 1s the product of this expression over all 
regions, 
C;! 

5. 4 %® = is: 
a o~ NN TG—Ny! 

3. Boltzmann systems. If the particles were actually different and 
distinguishable, a different state 1s obtained dependent on which of the 
total N particles belong to each region. We have, therefore, first of all 
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to calculate the number of ways in which N particles can be divided 
into groups of N; each, such that 3}-N; = N. This number is 
J 


N! N! 
Nil---Njt--- TEN;! 


j 


Since the particles are completely independent, the number of ways in 
which N; particles can be put into C; cells is simply C,%?, and the 
number of states consistent with the distribution is 

Ci 


5. 5 SN ep: 
(5. 5) 27 = N Wy 


For corrected Boltzmann counting (5) has to be divided by N !, the 
factorial of the number of identical particles (see section 2k). 

In all three cases the numbers NV; have to obey two additional condi- 
tions, namely, that the total number of particles and the total energy 
are fixed: 


(5. 6) N = 2N,, 
(5. 7) EB = 2IN, 6). 


Formula (7) is an approximately correct expression for the energy only 
if the width A,e of the regions is small compared to the average energy 
of one atom. 


5c. The Most Probable Distribution 

First of all, it is desirable to transform these expressions for Qp into 
continuous functions of the variables N;. If all N;’s and C,’s are large, 
this can be done by using the Stirling approximation for the factorial. 
Now it is obviously impossible that the N,,’s of every region are large, 
since we have chosen an infinite number of energy ranges. On the 
other hand, ranges with a small number, N;, of atoms, contribute little 
to the value of In Qp, so that the ensuing error is negligible. 

The resutts for the different cases are: 


1. Einstein-Bose systems, if we also neglect unity compared to C;,, 


(5.8) InQ> = XI(C;+N;)n(C;+N,)-N, nN, —C,C]] 
P 


: | Ae ain(& 
EL come (1+ o) +m +)] 
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2. Fermi-Dirac systems 
(5. 9) In Qn = aC; In C; — N;inN; = (C; = N;) In (C; = N;)] 


j 
-y| —-con(, —% in( ft )| 
-| oin(1 a) + wsln (52 1 


3. Boltzmann systems 
(5. 10) InQp = InN! + XY (Nj; InC; — Nj; InN; + Nj). 
j 


It is easily seen that, if N; <C,, the numerical values of (8) and (9) 
approach each other, that is, they differ only in terms of the order of 
N?/C j- Their common value is (10), if the term In N ! is omitted. 
This had already been stated in general in section 2k. Since the factor 
N !is the same for all distributions, it does not affect their relative prob- 
abilities. We shall, therefore, omit the term In N ! from now on, and 
use what we called in section 2k ‘ corrected ’’ Boltzmann counting for 
Boltzmann systems. That this division of Qp by N! for Boltzmann 
systems is actually necessary also in pure classical calculations, if one 
wishes to identify k In Qp, with the entropy will be discussed in detail 
at the end of section 5d. We find, then, that the number of states 
belonging to a distribution in a corrected Boltzmann system (which is 
not realized in nature) is the limiting value of the statistical weights of 
the same distribution for an Einstein and a I‘ermi system in case of 
great dilution of the gas in the yw space, that is, if N, << Cj. 

The next step is the calculation of those values of N; for which Qp 
is @ maximum, subject to the conditions (6) and (7) that the total 
number of particles and total energy remain constant. ‘The method is 
the usual one for finding the maximum of a function of several variables 
which are subject to restrictions (see Appendix A VI). The restricting 
equations (6) and (7) are multiplied by constants a and 8 and sub- 
tracted from In Qp, the function whose maximum is to be found. The 
values of the variables N; at the maximum must fulfill the conditions 


(5. 11) ~_ tno, —aXN; - 8 LGN] = 0. 
ON; 2 j 


The undetermined multipliers a and B have then to be determined by 
putting the values of N; obtained into the equations (6)-and (7). 
One finds for the different cases: 


1. Einstein-Bose, In (C; + N;) — nN; — a — fe; = O; 
N; 1 
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2. Fermi-Dirac, In (C,; — N,) — InN; — a — Be; = 0; 


N; 1 
(5. 13) ey 


3. Boltzmann, InC; — InN, — a — Be; = 0; 


(5. 14) —2 = gt BEG, 


5d. Boltzmann Statistics 

The elimination of a and 8 through (6) and (7), calculation of the 
entropy, and identification of B with 1/k7T. are mathematically easy 
only for case 3, Boltzmann statistics. It is seen that both (12) and 
(13) become identical with (14) if e* is much greater than unity, when 
the | in the denominator can be safely left out. This is, of course, 
precisely the‘condition that N; < Cj;. We shall, therefore, limit our- 
selves from now on explicitly to those ranges of values of FE and N for 
which e* > 1. In the last section of this chapter we shall calculate 
e* and see what the restriction actually amounts to. It will turn out 
that for all gases composed of atoms and molecules (but not for light 
quanta and electrons) deviations from Boltzmann statistics occur only 
at very low temperatures and high concentrations, that is, under con- 
ditions where the real system is not even gascous. 

To calculate a and 8 in terms of N and E the numbers N;; of the most 
probable distribution, (14), must be inserted into (6) and (7). The 
summation over the energy ranges can be replaced by an integration, 
the number of states in an infinitesimal region being given by (2). The 
numerical values of two definite integrals occurring in the calculation 
are 


® fo 2) 
f wlee-* dy = fxl!?, f e3!2e-* dy = Sell? 


0 0 


The results are then 
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(5, 15) N = a(S 


00 
E = DNje; = X Cyeje* Fi = of C(e)ee** de 
j 3 


Ve™; 


0 


2° B\ Bh? 
Division of (16) by (15) eliminates a and leads to 
Be can _ 3N 
(5. 17) E=>58 N, B= oR 


and from (15) with (17) one obtains 

Qarm\3!2 V 4r mE\3!2 V 
(5. 18) ¢ = 4(=r) v= 0(= a) oe 

Bh N 3. h°N/ N 
The logarithm of the number of quantum states in the most probable 
distribution, Do, or the quantity S = k ln Qp, of Chapter 4, as a func- 
tion of energy and volume of the system can now be obtained by insert- 


ing the values of N, (14), into (10) and using (17) and (18) to eliminate 
aand fs. This leads to 


$ = kind, = kEN,(in = + 1) 
} N, 
=k2UN,(a + Be; + 1) =kBK +k(a+1)N 
; 


5 2rm\3!2 V 


_ 9 4nmE\?3!2 Vy 
(5. 19) $= Fin + kN In| 9 (a) ar 


In Chapter 4 it was proved in general that the quantity S = k In Qp, 
is the entropy for every system, provided that k is chosen correctly. 
Equation (19) shows that S for the perfect gas is an extensive prop- 
erty. It is proportional to the number of particles and depends other- 
wise Only on the density, N/V, the energy per particle, E/N, the mass 
m, and finally on the small number g, the statistical weight of the 
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ground level of the atom. Equation (19) is known as the Sackur- 
Tetrode equation for the entropy of a monatomic gas. 


It was stated in Chapter 4 that the same numerical value for S is obtained 
whether it is defined as the logarithm of the number of states of the most prob- 
able distribution, of the number of all states consistent with the energy, or 
even of all states whose energy lies below the given total energy #. Let us 
assume the ground level of the atom to be non-degenerate, that is, g = 1. The 
number of states with energy below £ is, then, for the corrected Boltzmann 
system, proportional to the volume of all points in the 6N-dimensional phase 
space (y-space) whose energies lie below Z. Since the energy is independent 
of the 3N positional coordinates, z, this phase volume is obtained by integra- 
tion over all values of the 2’s, leading to a factor V”, and by integration over 
all 3N momenta, p, subject to the condition that (pj +--+ + pgy) S 2mE. 
This latter integral is the volume of a sphere of radius (2mE)!/? in 3N dimen- 
sions, its asymptotic value for large N is given by (4remE/3N)*"/? (see Appen- 
dix A V). 

This phase volume has still to be divided by h®”, to make it a dimensionless 
quantity, and by N! = N™ e-%. The result 


E N \ 3N /2 
f 0(E) dE = V eb /2 4nmk ' 
0 N 3h?N 


Ei 4am \3!2 V 
S=kin { Q(&)dk = $kN+kNIn| (* = 
nf, a ae n| (nr) at 


or 


is in complete agreement with (19). 


E 
Q(#) itself differs from f Q(F) dE only by a factor 3N/2#; therefore, S 
0 


defined as & In Q(E) differs from the value obtained above only by the additive 
terms k ln (83N/2) — k ln E, which are absolutely negligible compared to kN In N 
and kN ln E. 


The division of the phase volume by WN ! was introduced because all 
real systems are of the Einstein-Bose or Fermi-Dirac type, and only the 
‘‘ corrected ’’ Boltzmann counting is the limiting case for both types. 
It is, however, easy to show that, even from purely classical consider- 
ations, apart from any knowledge of quantum phenomena, this division 
of the phase volume by WN ! is necessary if we desire to identify S with 
the entropy. If it had not been done, S would contain the additive 
term kN InN — kN. Since this term is constant for a fixed number 
of particles, it would not influence the identification of temperature 
and pressure, undertaken later, or the relations between these quan- 
tities. But S itself would no longer be proportional to the size of the 
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system. If we have two identical, but separated, systems, that is, 
systems of the same density, N/V, same 8 or E/N, and size, N, the S 
of the combined system is simply twice the value of S of each part. 
But, if we remove a wall between the two gases, so that we obtain one 
system, of the same density and £6 as before, but of 2N particles, the 
S value would not be the sum of the S values of both parts but would 
be larger, on account of the term kN In N, by the amount 2kN In 2, 
which is by no means negligible. On the other hand, the removal or 
insertion of a wall between two parts of the system is a process which 
leaves the thermodynamic entropy unchanged. For this reason the 
division of the phase volume by N ! was introduced somewhat arbi- 
trarily into classical statistics long before quantum mechanics gave 
the true explanation for it. 

It is seen, then, that purely classical considerations lead to the same 
value for S, (19), that we obtained from quantum-mechanical argu~ 
ments, except, of course, for the term 3N Inh, which, however, only 
fixes the additive constant in the entropy in agreement with the third 
law. 


5e. The Equation of State 
The temperature T was defined in equation (4. 11) as the inverse of 
the derivative of entropy with respect to energy. Using (19) one 


obtains 
1 as 3 1 
To (5), = 9 EN # 
so that 
(5. 20) E = 3kKNT. 


Comparison with (17) shows that 


(5. 21) oe 


That 8 must be a function of the temperature alone could have been 
shown directly, without resorting to calculation of the entropy. If 
we have, namely, two completely independent gases of, respectively, 
N“™ and N® molecules each, with energies FE“) and E®, and if we 
divide the » space into energy regions and calculate the equilibrium 
distribution for both systems simultaneously, we find that 


In Qp = In Q)? + In 2, ??, 
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The maximum of this quantity must be determined subject to the four 
conditions 


(5. 22) NY = ON,;), N® = ¥N;), 
j j 
E® = XN je; E® = TN ;e;. 
J J 


This means that the four quantities have to be multiplied by the unde- 
termined constants a, a, 8), 8 and subtracted from In Qp before 
differentiation with respect to the N;’s. As is to be expected, the most 
probable distribution of each system is in no way affected by the exist- 
ence of the other one. For each system, the ratio N ;/C; will be given 
by one of the equations (12), (13), or (14), depending on the nature of 
that system. 

If, now, energy is allowed to flow between the two systems, so that 
only the total energy EH = E“) + HE is fixed, we have only three condi- 
tions instead of the four of (22), and have, therefore, to multiply HE“ 
and FE by the same constant @ before subtracting from In Qp. The 
most probable distribution will have the same form as before, except 
that the relation must hold that 


(5. 23) BY) = pg?) = £, 


This means that two gases in energy contact, which are therefore at 
the same temperature, have the same value of 8. In other words, 8 is 
a function of temperature only. 

This fact was derived quite independently of the nature of the gases; 
it is valid for Fermi and for Einstein gases as well as for Boltzmann 
systems, and even for a combination of two gases of different nature. 
Since we have identified 1/k8 with the temperature for the Boltzmann 
gas, the relation 8 = 1/kT holds also for the Einstein and Fermi gases. 

The relation (20) expresses the fact that the energy at fixed temper- 
ature is independent of the volume; experimentally this means that 
the Joule-Thomson coefficient for a perfect gas is zero. 

The pressure of any system, according to equation (4. 12), is defined 


by the relation 
P (5) 
T \aV/x’ 
or, from (19), 
(5. 24) PV = kNT. 


This is the well-known equation of state for a perfect gas. 
We had shown in general only that 7’ was a linear function of the 
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temperature. Now we find that if the proportionality factor k is chosen 
as the Boltzmann constant k = 1.3804 « 107?® erg per degree, so that 
k multiplied by Avogadro’s number, Np, is R, the gas constant per mole, 
the statistical and perfect gas temperatures are identical. 

The pressure of the perfect gas can, of course, also be calculated 
directly, without resorting to the general considerations of Chapter 4 
and the identification of S with entropy. According to (1) the energy 
of every state of a single particle depends on the volume in the same 
way, namely, it is proportional to V~?/3._ Since the energy of any state 
n of the total system is the sum of the energies of the independent 
particles, it follows that 


Why 2 
ev—“‘i Kk‘ 


The pressure is defined as the force per area resisting a change in 
volume, averaged over all quantum states available to the system; we 
find the relation 


ok, 2 
5, 2 | en Siac SE 5, 
ea) av. BV”? 


which, in combination with (20), also leads to the equation of state (24). 

It is seen that the considerations of this chapter could have been 
carried out quite independently of the general discussions of Chapter 4. 
Indeed, had we not already identified the quantities + with pressure and 
7 with temperature in section 4d, we could have done so with the help 
of this example: the identity of equation (25) with (24) after insertion 
of (20) proves the pressure to be r(0S/dV),, and relation (24) then 
shows 7+ = 1/(0S/0E)y to be the perfect gas temperature. Since 
(0S/dE)y had been demonstrated in section 4c to be the same monot- 
onous function of 7, and r(0S/0V), at constant 7 the same function 
of pressure for all systems, the identification would have been complete 
and S proved to be the entropy for all systems. 

It. was essential to the discussions in Chapter 4 that the constant k 
in the definition of entropy as S = k In Q be the same for all systems. 
The choice of k as the gas constant R divided by Avogadro’s number 
assures us that, for all systems, equations (4. 10) and (4. 11) define 
entropy and temperature in agreement with the conventional scale. 


5f. Maxwell-Boltzmann Distribution 
Going back to the formula for the most probable distribution, (14), 
and using relation (21) between 8 and temperature, we find 


(5. 26) N; = Cye* ell **, 
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This implies that the ratio of the number of atoms in a quantum state 
k with energy «, to those in a state k’ of energy « is 


7 N k we 
5. 2 —_— ( ey ey) /kT 
Ny: : 


As previously, the number of molecules N, whose energy lies in the 
region between « and e + Ae will be written N(e) Ae, the number of 
single particle cells in that region as C(e) Ae, given in (2). The most 
probable number of molecules in the region Ae is then 


V ‘ 
N(e) Ae = “ang (Qme)!!2e~ «/*7 Ae. 


Elimination of e~* with relation (18), using 8 = 1/kT = 3N/2E, gives 


9 1 3/2 5 ae 
(5. 28) N (e) Ac = aaa N (=) € "é Ae. 

This formula can be transformed further by noting that the energy e 
of a single particle is related to the magnitude of the velocity, v, by the 
equation 4mv? = e«. A range Ae of energy corresponds to the range 
mv-Av of magnitude of velocity. If we designate by N(v) Av 
(= N(e)-mv- Av) the number of particles with velocities between v 
and v + Av, we find 


9 1/2 m 3/2 
(5. 29) N(v) Av = () N (=) pre me lek? Ay, 
T kT 


This is the familiar Maxwell-Boltzmann law of distribution of velocities. 
This equation was derived in Chapter 1 (equation 1. 29) in a less strict 
manner, and some of its applications and consequences were discussed 
there. In Chapter 6 it will be shown that this law also holds for gases 
with internal degrees of freedom. 


5g. Evaluation of e* and Limit of Applicability of Boltzmann Statistics 

At the beginning of section 5d it was mentioned that, although all 
true gases are either Einstein-Bose or Fermi-Dirac systems, the results 
of sections 5d and 5e, which are derived for Boltzmann systems, hold 
as long as the quantity e* in (14) is very large compared to unity. We 
now wish to investigate in which way this condition limits the applica- 
bility of the formulas of the last three sections. e* was calculated 
in (18). Substitution of 1/k7T for 6 brings this into the form 


7 2armkT\?!? V ae) V 
B30) : - (=) 5 = 0 (Fay N’ 
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or, introducing the pressure instead of the density, 


- QamkT\3!2 kT 
(5. 30’) € = a( Ae ) Pp ° 


The quantity a has a direct physical significance. It was shown in 
equation (4. 41) that (0S/8N)y.7 = —n/T, in which pz is the chem- 
ical potential or, for a one-component system, such as the one we are 
treating here, the free energy per molecule. Differentiation of (19) 
with respect to N at constant volume and energy gives 


as mn a) V 
. 31 — =——= fi] Sener nae Ie 
(5. 31) (wr), pak nf g aw i 


Comparison of (30) and (31) shows that 


(5. 32), (2 = -£.| 


ee condition e* > 1 demands a certain dilution of the molecules 
in w space: the greater the volume per molecule and the energy per 
molecule the less often it will occur that two or more particles occupy 
the same cell.] 

e* increases with decreasing P, and rapidly with increasing 7. Of 
the individual characteristics of the molecule only the mass and the g 
factor enter into the equation for e*. From (30) and (30’) one sees 
that at given density and tempcrature, or at given pressure and temper- 
ature, a substance with small m will have low e* and show deviations 
from Boltzmann statistics most easily. Helium, therefore, which 
remains perfect to very low temperatures, should be the most favorable 
gas for the demonstration of this effect. Numerical evaluation shows 
that 

M3! 275 / 2 


. 33 “ = 0.026g ——_—— 
© : : P atm. 


where M is to be given in atomic-weight units, P in atmospheres, T in 
degrees absolute. Helium, M = 4, has no nuclear spin and a non-de- 
generate lowest electronic level; therefore, g = 1. Since it is made up 
out of an even number of elementary particles (two protons, two neu- 
trons, and two orbital electrons) it obeys Bose statistics. For the 
boiling point of helium,.7' = 4.2°K., and P = 1 atm., we find e* = 7.5. 
It is therefore not inconceivable that deviations from Boltzmann sta- 
tistics for helium could be found experimentally. However, at these 
high densities, the attractions between the atoms mask the statistical 
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effect sufficiently so that this has not been demonstrated clearly so far.* 

All other material gases have much higher boiling points, therefore 
show imperfections at much higher temperatures, so that the condition 
e* > 1 is amply fulfilled. The values of-e* at the respective boiling 
points for the following substances are: 


H, T= 203°K., ee =14X 102, 
Ne, T= 27.2°K., e* = 9.3 X 10°, 
A, T=874K., &=4.7 10° 


Matters become very different if we consider an electron gas at high 
density, such as we find inside of metals. In that case Boltzmann 
statistics would become applicable only at temperatures far above the 
melting point of the metals, and the formulas derived in sections 5d, 5e, 
and 5f cannot even be used as approximations, but Fermi statistics (13) 
has to be employed throughout (Chapter 16). For photons, which 
obey Einstein-Bose statistics, (12) must be used (Chapter 16). 


* See, for instance, Erich Beth and George E. Uhlenbeck, Physica, IV, pp. 915- 
924 (1937). 


CHAPTER 6 
THE PERFECT GAS WITH INTERNAL DEGREES OF FREEDOM 


(a) Introduction. (b) The Partition Function. (c) The Separation of 
the Partition Function asa Product. (d) The General Equations. (e) The 
Distribution of Molecules among Internal States. (f) The Influence of 
the Zero of Energy. (g) The Influence of Nuclear Spin. (h) The Entropy 
of Isotope Mixing. (i) The Internal Partition Function of a Monatomic 
Gas. (j) The Classical Internal Partition Function of Molecules. 


6a. Introduction 

In Chapter 5 the ratio N;/C, of the number of molecules, N ;, to the 
number of cells, C;, in an ideal monatomic gas was calculated. The 
region j was defined in such a way that N; consisted of all the molecules, 
and C;; of all the cells, the energy of which lay between e; and e; + Aye. 
The calculation was made for the two different kinds of quantum- 
mechanical systems: one, the eigenfunctions of which were all sym- 
metric (EKinstein-Bose); and the other, the eigenfunctions of which 
were all antisymmetric (Fermi-Dirac). For this one-component sys- 
tem the chemical potential » 1s the free energy per molecule. In terms 
of u and e;, the expression was found to be 

N; 1 
eae C, 7 grrr | 
the negative sign referring to the Einstein-Bose, and the positive sign 
to the Fermi-Dirac, systems. 

It can be seen that, although the equation was derived for a perfect 
monatomic gas, the method used would be just as applicable to a sys- 
tem composed of any N mechanically independent identical molecules 
with C; any number of arbitrarily chosen cells, the energy of none of 
which was lower than e;, or higher than e; + Aje. We shall repeat the 
argument in an independent and somewhat briefer form in order to 
demonstrate this. 


6b. The Partition Function 
A system composed of N identical independent particles in a volume 
V will be considered. The number of degrees of freedom, f, per particle, 
the number of coordinates necessary to specify completely the position 
of the particle will not be limited to three. In general, then, not only 
123 
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the three Cartesian coordinates X, Y, Z, of the center of mass, but in 
addition f — 3 other coordinates will be needed to describe the position 
of one molecule completely. If the particles are idealizations of diatomic 
molecules f will be six, and the three internal coordinates chosen would 
be 0, ¢, and r or &, as stated in Chapter 2. Corresponding to the f 
coordinates there will be f quantum numbers, and the quantum- 
mechanical specification of the state of a single molecule will be made 
eomplete by giving the values of these f quantum numbers which specify 
a single cell of volume Af in the uw space. The energy of the particle 
will be the sum of two terms, one depending on the translational quan- 
tum numbers alone, k,, K,, and k,, and the other, the internal energy, 
depending on the f — 3 internal quantum numbers. Since the different 
quantum states of translational energy, at least, lie very close together 
in the energy seale, there will be a great number of cells in any small 
energy range. 

The eigenfunctions of the system may be cither all symmetric 
(Kinstein-Bose), or all antisymmetric (Fermi-Dirac). We shall 
assume, as always, that N is a very large number. Of all the possible 
quantum states of the individual molecules one group is singled out, 
consisting of C, arbitrarily, but definitely, chosen states, the energies 
of all of which he between e, and €, + A,e. We shall investigate the 
distribution of molecules between these and the remaining quantum 
states. The N; molecules occupying any of the chosen C, states will 
be said to form the part j of the system. This part 7 occupics the whole 
volume of the system. The other part consists of the remainder, 
coexistent m the same volume. Both N, and C, will be assumed to be 
large. 

The value of S,, the entropy of the part 7, is k In Q,, and will depend 
only on the number of cells C; and on the numher of particles NV, in the 
part j of the whole system. S, has been found by equations (5. 8) 
and (5. 9) to be 


C 
(6.2) S,=kInQ, = K| C, in (1 a ~) + N,In (F st i)|. 
C; N, 


in which the upper signs refer to the Einstein-Bose, and the lower signs 
to the Fermi-Dirac, systems. The total derivative of S, with respect 
to N; 1s 


d S; C 
6. + =kin| — , 
(6. 3) iN ; k nf gee 
If the total system is to be in equilibrium with respect to the transfer 
of particles between these two parts of the system at constant total 
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energy, the entropy must have a maximum value with respect to such 
a process. This requires that the increase in entropy of the remainder 
of the system upon adding to it a particle from the part 7 must equal 
the expression of equation (3). This transfer of a particle from the 
region j to the remainder of the system involves not only the addition 
of a particle to the remainder of the system but also the addition of an 
amount of energy dH ,/dN,, so that the change, —dS,/dN,, in the 
entropy of the remainder of the system upon the addition to it of a par- 
ticle from the region j may be written 


(6. 4) malas 55) " &) Le 
dN , ON E,V 0H N,V dN, 

For these partial derivatives of the entropy the thermodynamic 
expressions nay be used: (0S/0N)xy is the negative of the thermo- 
dynamic potential » divided by the temperature, equation (4. 41), and 
(0S/0E) yy is the reciprocal of the temperature, (4. 34). The quan- 
tity dE ,/dN ;, the energy removed from the region 7 to the remainder 
of the system with one particle, is Just ¢€,, the energy of one particle in 
the region j. One obtains 
(6. 5) a8, mate | 

dN , T 
Equating the two relations (3) and (5) leads to equation (1). 

For all real gases at moderate temperatures, —y4/kT, which is always 
positive, has a large value compared to 1, and unity can be neglected 
compared to the very large exponential, so that the approximate form 
(6. 6) Nia gt epler, 

C, 
which is the classical equation, is obtained. We shall assume the 
validity of this equation (6), which is equivalent to assuming that 
N,/C, <1, in the remainder of this, and in the next. several chapters. 

Equation (6) holds for any arbitrarily chosen region j of energy €;. 
The sum of N; over all possible regions, covering exactly all the cells, 
must be N, the total number of particles of the system. We may write 


(6. 7) N = XN, = &/*PXC je eal, 
i j 


The sum ¥C,je~‘/*" is the sum over all quantum states of one mole- 
cule of the expression e~‘/*?, This sum will be called the total partition 
function of the molecules, and will be designated by the letter Q. It is 
also variously known as the sum of states, or in German as the 
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“ Zustandsumme,” although these terms are more frequently reserved 
for the analogous sum over the internal quantum states of the mole- 
cules, which we shall introduce later and designate by Q;. The sum 
can be written omitting the C; if it is understood that the summation 
is to go over all the cells, or quantum states of the molecules, for which 
we shall use the summation index n. 

Defining Q as 


(6. 8) Q = Leni"? 


and solving equation (7) for the chemical potential, u, we obtain a very 
useful equation for this important thermodynamic property of the 
system, 


(6. 9) w= kT[In N — In Q]. 


The partition function Q is the sum over all quantum states or cells 
of the molecules of the exponential of minus the energy over kT. The 
energy, in classical mechanics, expressed as a function of the coordinates 
and the momenta is the Hamilton function, H(p,q). The number of 
quantum states in a region of phase space between q; and q; + Aq, 
p, and p; + Api, g2 and go + Ago,---, py and p; + Apy, will be, if all 
the products Aq; Ap; are large compared to h, just the volume of this 
region of the phase space in units of A/, 


(6. 10) C = hf Aq, Ap, Age: - + Ags Apy. 


The product, number of quantum states times the exponential, is then 


(6. 11) Ce lk? = Se “Falk? ng... - Any, 


and the sum can be approximated by an integral* 


(6. 12) Q = f f -- f hfe Hea ik? day. + dps. 


This expression will be valid as an accurate approximation for the 
partition function if the expression H(p,q)/k7T does not change appre- 
ciably, compared to unity, if for any coordinate both q; and p; are 
changed by an amount Aq; and Ap; such that Aq; Ap; = h. This condi- 
tion means that all the quantum states are separated from their neigh- 
bors by an energy interval which is small compared to kT. 


* The effect of the symmetry of the equilibrium configuration of the molecule 
which necessitates multiplication of this integral by the reciprocal of the symmetry 
number is discussed in sections 7f and 8e. 
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6c. The Separation of the Partition Function as a Product 

For all molecules, within the approximation that the mass is inde- 
pendent of the internal energy, the Hamiltonian or energy function, 
H (p,q), is separable into (at least) two additive parts, the one depend- 
ing only on the coordinates and momenta of the center of mass, and 
the other only on the internal coordinates and momenta, q;, p;. Toa 
somewhat less accurate approximation the internal part may itself 
usually be separated into a sum of terms, each depending on one only, 
or a few only, of the various 2(f — 3) internal coordinates and momenta. 
In these cases, as discussed in section 2h, the quantum mechanically 
allowed energies can be expressed as a sum of terms, each a function of 
one, or a few only, of the total f quantum numbers. If k is used for the 
set k,, k,, and k,, the quantum numbers of translation of the center of 
mass, and iis used for a set of f — 3 internal quantum numbers, the 
total energy of the molecule, a function of k and i, can be written as 


(6. 13) - e(k,i) = e(k) + e(i). 


The energy of translation e(k) is itself a sum of three terms, cach depend- 
ing on one only of the three quantum numbers, k,, k,, or k,. If m is 
the total mass of the molecule, and the quantization is assumed for 
convenience to be made in a cubic box of side V‘/ along each of the 
three principal axes of space, then equation (2. 17) gives the energy of 
translational motion as 
2 
(6. 14) e(k) = aa + ki +k). 


The sum Q of equation (8) is to be taken over all quantum numbers, 
all values of k and of i. The values which k can take are independent of 
those of i, so that the summation may be represented as an independent 
summation over k and over i. Using (10) for the energy, and remem- 
bering that e7tY = e* - e”, we obtain 


(6. 15) Q = LL e Ht er 
k i 
- me a = Q,- Q,. 


If now equation (14) is used for e(k), it is seen that Q, is itself a product* 
of three independent and identical sums, and we may write 


oo 3 
(6. 16) = | >» ewiartainys| P 
k=1 


For ordinary values of V and 7, and masses corresponding to that of 
the hydrogen atom or greater, the argument of the sum changes very 
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slowly with k. Writing [h/2V1!/3(2mkT)!/"]k = z, and replacing the 
summation by an integration, one obtains 


ImkT 3/2 oe) 3 9 kT 3/2 
(6.17) Q = sv ( = ; if ode | = v(= ) 
h : h 
00 7 
since f ede = Vr/2. 
0 


We may now use (17) with (15) in (9) to obtain the equation for the 
free energy of one mole of the gas, F = Nou, with N, the number of 
particles, replaced by Avogadro’s number No, and V, the volume per 
mole, 


h? 3/2 No 
: F = RT| In | ——— ——1]nQ; ], 
Ge dB) : | ‘ (<7) V " a4] 
(6. 19) Q, = Ye OFF, 


i 
all internal quantum states, i 


The sum Q; is the sum of e~ ‘/*" for all the internal quantum states of 
the molecules. This is the internal partition function of the molecules. 
It is often referred to as the sum of states, or, in German, as the 
‘“‘ Zustandsumme,” and is sometimes designated in the literature as Q. 
Equation (15) is perfectly general and applies to a perfect gas consist- 
ing of molecules of any degree of complexity whatsoever. The only 
assumptions used in its derivation are that the molecules are mechan- 
ically independent of each other, and that F/RT has a moderately large 
negative value so that (6) is justified. 

The condition that the Hamiltonian can be written as a sum of terms, 
each depending on one pair only (or a few pairs only), of the coordinates 
and their conjugate momenta, is the same as the condition that the 
quantum-mechanical expression for the energy of the molecule can be 
separated into a sum of terms depending cach on only one (or on a few 
only) of the f quantum numbers. Under these conditions the classical 
expression for Q, just as the quantum-mcchanical, can be separated 
into a product of terms. In the classical expression each of these 
terms is an integral, corresponding to the sum of the quantum- 
mechanical expression. 

It frequently happens that the Hamiltonian can be expressed as a 
sum of terms, each depending on only one or a few pairs of the coor- 
dinates and conjugate momenta, and that for several of these terms, at 
a given temperature, the condition that the energy difference between 
adjacent quantum states be small compared to kT is amply fulfilled, 
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whereas for others the condition is definitely not obeyed. The classical 
integral can then be substituted for the quantum-mechanical sum in 
the factor of Q containing those degrees of freedom for which the quan- 
tum energy differences are small, and the sum expression may be used 
for the degrees of freedom for which this is not true. 

Essentially this simplification has just been used in calculating Qy. 
The additive part of the Hamiltonian due to the motion of the center 
of mass of the molecule is (1/2m) (pz + p? + p?), and does not con- 
tain the coordinates. Substituted in (12), the integration over the 
coordinates can be performed at sight, giving, by definition, just the 
volume V of the system. The integration over the momenta remains 
to be performed in order to calculate the classical expression for Q,. 
The expression is, then, 


+ 
(6. 20) Q, = Va f f f e~ (Petry tH)/2mkTdy, dp, dpz. 
—0o 


Separation of this into a product of three identical integrals, and the 
introduction of the integration variable z = p/(2mkT)!/?, give us 


2mkT 7 fe? aN" 2rmkT\?!? 
(6. 21) Qe = v=) Cf de) = v (=a) 
~— 00 


The expression of (21) is identical with that of (17). 


6d. The General Equations 

We shall now proceed to derive the equations for the other thermo- 
dynamic functions. To do this we calculate the entropy, S, as a sum 
of the values of the entropy, S,, for the various regions 7, using the 
equilibrium values of N,/C, in equation (2). With equations (3) and 
(5) it is found that 


C 
Nk 1 ? 1) = = 
j n (i + N 


J 


This is the second term of S, in (2). If summed over all j values, since 
LN; = N and DN, = E, one obtains (H — F)/T, remembering that 
Nu is the free energy F. Using this, and the thermodynamic equation 
es Bee ee 


: T 


for the entropy, one finds 
E-—-F N; E-—-F PV 
is . =— SS eee ° 1 __? = —_—_—— es 
(6. 22) °S LS; a + EhC;In ( +5) T oF: re 
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From this, the perfectly general equation 


PY _ x2) 
(6. 23) ep 7 # ECzin (1 +o 


is obtained independently of any special assumption that N,;/C; is 

small. Equation (23) is valid for Einstein-Bose systems (with the 

positive sign) and for Fermi-Dirac systems (with the negative sign). 
When JN,;/C;; is small one can develop 


Na) 
£In(1 Gee 


C; 
so that the sum in (23) is 2}N; = N, and 
PV 
(6. 24) ip 7 N, PV = RT (for one mole) 


is obtained for Boltzmann systems. 

Substitution of No/V = P/kT in equation (18) gives the free energy, 
F, of the system in terms of its natural variables, P and 7, per mole 
of material, as 


h? 3/2 P 


(6.25) F= RT in (5) [Th In a,| (per mole). 


The work function A differs from F by PV = RT (which is the same as 
for a monatomic gas with a non-degenerate ground energy level), so 
that the contributions of the internal degrees of freedom to these two 
properties of the system are the same, 


(6. 257) Fi = A, = — RTINnQ, = — RT In mee 


The derivative of F with respect to T at constant pressure is the 
negative of the entropy, 


oF QrmkT\3° kT 0 
(6. 26) - (5) -s=a| mi 72 ) pe | + 


d 
oT T in a, | (per mole), 


where the negative sign has been eliminated by inverting the fraction 
under the logarithm, and the 52/2 obtained in the differentiation has 
been added by multiplying the expression under the logarithm by e°/?. 
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The contribution of the internal degrees of freedom to the entropy is 


(6. 26’) S,;=R a TinQ; = R| tn Q, ur a he mal , 


For the heat content, H, we may use the hae equation 


oY) ep 
(6.27) H=F+TS=F- (SF 7.7 m(=) (F), 


obtaining 
(6. 28) H = rr 3 + P 7p in a, | (per mole). 


The energy per mole, E, differs from the heat content by PV = RT, 
so that the contributions of the internal degrees of freedom to these 
two properties are the same: 


d 
(6. 28’) H, = E, = RT? In Q; = RT = Ee eae 
ii 


We shall presently derive equation (32), that the total number, N;,, 
of molecules with the internal quantum number i’, and therefore with 
the internal energy e(i’), is (Vo/Q;)e~*“/*? per mole of gas. Equation 
(28’) for the internal energy, then, has the very simple interpretation 
that it is the sum over all internal quantum states i of the product of 
the internal energy per molecule, e(i), by the number of molecules, N;, 
having this energy. 

The expression for the heat capacity per mole at constant pressure, 
C P) ig 


(6. 29) Cp = (Fr). = R| 5 + “a G “- In ar) | (per mole). 


The contributions of the internal degrees of freedom to both Cp and 
to Cy are the same: 


d J q Lelie O/*? 
(6. 29") Cp = Cy, = R— T? In Q,) = Nos i SESeienemereenceer EF 
me aN: ae dT Q; 


Carrying out the indicated operation of differentiation leads to 


(6. 29/’) Cp; aa Cy; — R| a Her) © —e(i)/kT 
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which may be brought into the form of a double sum: 


wr _ e(i) =) —[e(i) +e(j)J/kAT 


All the extensive teseuotloawnie: properties, F, A, S, H, E, Cp, and 
Cy, of a perfect gas with internal degrees of freedom can be arbitrarily 
divided into two additive parts, one of which is due to the translational 
motion of the center of mass of the molecules and is the same as for a 
perfect ideal monatomic gas with a non-degenerate ground level. The 
other part, the contribution of the internal degrees of freedom, is a 
simple function of the logarithm of the internal partition function of the 
molecules. 


6e. The Distribution of Molecules among Internal States 

Equation (6) may be used to calculate the average number Ny of 
molecules in one particular quantum state, the quantum numbers of 
which are k’ andi’. If one uses equation (13), that the energy, e(k’ i’), 
of the molecules in this quantum state can be expressed as a sum, 
e(k’ i’) = e(k’) + e(i’), one obtains 
(6. 30) Ney ee ehlkt . @ OD /ET ’ eA /ET 
If now the number of molecules, N;, in the one single internal quantum 


state i’, but having any quantum state, k’, of translation, is obtained by 
summing (25) over all values of k’, one finds 


(6. 31) Ny = eblk? . (Ler) eed /kT 
= ehlkt . Qx ° ee 
pe J 


In this expression (7) or (9) may be used, e#/*” = N/Q = N/QxQ,, 
so that 


(6. 32) Ni = NT g-etyer 
i 
The internal Hamiltonian, H (p,,q;), may often be separable into two 
additive parts, so that the energy e(i) can be expressed as the sum of 
two terms, e(m) + e(n), in which m and n represent two independent 
sets of internal quantum numbers (see section 2h, example 2). If this 
is SO We may write 


(6. 33) M =QnQ. if e(i) = e(m) + e(n), 


= ye mee Q, = ye er 
m n 
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It is clear that the same argument used to derive equation (32) may 
be employed to arrive at the expression 


(6. 34) Ny = = e €(m') (kT 

Qm 
for the number N,,’ of molecules in the quantum state of value m’, inde- 
pendent of the value of the quantum numbers of the sect n. 

To the range Aq; Ap; --- Aq; Api --- Adm Apm of the m coordinates 
and momenta contributing an independent additive term, H,,(p,q), to 
the Hamiltonian of the system, there correspond Aq; Ap, - ++ Agm ADm/h™ 
quantum states, provided that the range is so chosen that all the m 
products Aq, Ap; are large compared to h. If the temperature is such 
that Hm(p,q) changes negligibly compared to kT over the whole range, 
the exponential e~#(/*? is egsentially constant over the whole 
range, and the number, Nm(p,q) Aq: Api - ++ Adm Apm, of molecules in 
the portion of the uw space corresponding to this range of the m coor- 
dinates and m momenta will be given by 


(6. 35) = Nm(p.q) Aq: Api: ++ Agm Adm 
_ N 
Qn 


If this condition of negligible change in H,,(p,q) compared to kT for 
every range Aq; Ap; = his satisfied, the factor Q,, of the partition func- 
tion due to these m degrees of freedom may be calculated by means of 
the classical integral as has just been discussed. 

Equation (35) is the complete classical Maxwell-Boltzmann dis- 
tribution law for a system of independent particles, the Hamiltonian of 
which includes a potential energy. The m degrees of freedom considered 
in (30) may be all the degrees of freedom of the molecules, including the 
translational, or a small fraction of them, provided that these m degrees 
of freedom are separable from the others of the system, that 1s, pro- 
vided that the Hamiltonian is composed of two additive parts, one 
containing only the coordinates and momenta of the m degrees of free- 
dom considered, and the other containing only the remaining degrees 
of freedom. 

From equation (31) it is seen that the ratio, N;/N,, of the numbers, 
N,, and Ny, of molecules in the two internal quantum states i and i’, 
respectively, is given by 


em (PMIET Nay Avy +++ Adm ADm- 


(6. 36) = ga lei) ei) VRT 


=|2 


7 
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It is to be noted that in equations (31) and (36) as well as elsewhere 
the symbols i and i’ are used to designate single (non-degenerate) states 
of the molecules, and not energy levels, which might be degenerate 
and consist of several states. If the ratio, N;/Ny, of the numbers of 
molecules in two levels, J and 1’, respectively, is sought, the expression 
on the right of (36) must be multiplied by the ratio of the degeneracies 
of the levels, that is, by the ratio of g,, the number of states in the level 
l, to gy, the number of states in the level 1’. The expression then 
becomes 


(6. 36’) N, = Gt lel) eC )VRT 
Ny ge 


The expressions (36) and (36’) may be thought of as the simplest cases of 
the general thermodynamic relationship, AF® = R7'In A, in which AF® is the 
free energy difference, at standard pressure, of one mole of products and one 
mole of reactants in a chemical reaction for which the mass action constant is 
K. The reaction Ay — A; is a simple reaction of one reactant to give one 
product for which K, the ratio of the partial pressures, is just N;/Ny, if the 
materials are perfect gases. Since both reactants and products are, by defini- 
tion, inhibited to single internal quantum states, they satisfy the definition of 
having no internal degrees of freedom, and behave therefore like monatomic 
gases. Since the product and reactant have the same molecular weights, 
their entropy difference is zero. One mole of reactants gives one mole of 
products, so the change of PV in the reaction is also zero. It follows that 
AF® = AE = N,fe(i) — €(i’)] per mole. ‘The use of this expression for AF®, 
and the substitution of Nj/Ny for A in the thermodynamic equation, lead to 
(36). 

If the reaction Ay — A, is considered, the change in PY is still zero, but the 
change in entropy is not. Reactant and product have entropies R In g; and 
R In g; respectively greater, per mole, than the ideal monatomic gas, due to the 
gv and g; internal quantum states of the same energy which they may occupy. 
Using AS = R In (g:/gv) and AF® = AE + APV — T AS leads to (36’). 


6f. The Influence of the Zero of Energy 

The internal partition function Q; 1s defined as the sum, over all 
internal quantum states of the molecules, of e to the power minus the 
energy over kT’. 

Since the energy of the lowest quantum level of the molecules or 
atoms may be arbitrarily assigned any value, such as zero, or €9, it is 
interesting to investigate the influence of this choice on the thermo- 
dynamic functions. The entropy, which is determined by the number 
of quantum states available to the system, would, at any given temper- 
ature, be expected to be independent of an arbitrary translation of the 
energy scale. The energy, heat content, and free energy should be 
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raised in value by an amount Noe per mole, if €9 instead of zero is 
chosen for the energy of the lowest level of the molecules. The specific 
heats should be unaffected by the choice. This is actually so. 

The value of Q; calculated under the convention that the lowest 
energy is zero will be designated by the symbol Qi, and that calculated 
with the lowest energy assigned the value e9 will be designated by Qy. 
Every term in Q;, will differ from the corresponding term in Qio by hav- 
ing an additive —é)/kT in the exponent, the terms in Q,, will each be 
smaller than the corresponding ones in Qi) by a multiplicative factor 
e wk? The complete sum Q;, must then be smaller than Qj by this 
factor, and the logarithm of the sum less by the additive term —e9/kT, 


€ 
(6. 37) In Q;. = In Qin — ce 
d d €p 
6. 38 T{|—1}] = —- —— 
(6.38), (5) ne = 7(42) Inn + (4), 
(6. 39) | Pino yea ino,) 
op (T In Qi) = oF (T In Qo). 


Comparison of these equations with equations (25’) to (29’) shows that, 
whereas § and C are independent. of the assignment of the energy of 
the lowest level, F, H, and E are raised by egh/k = Noeg if this value 
is chosen as e&, instead of zero. 

In general, unless the contrary is specifically stated, the convention 
will be adopted that the energy scale will be measured from the lowest 
level of the atoms or molecules, so that this energy will be assigned the 
value zero. In this case the energy, heat content, and also, with cer- 
tain exceptions which will be discussed later, the free energy and 
entropy, will be zero at the absolute zero of temperature, 0°K. 


6g. The Influence of Nuclear Spin 

In calculating the value of Q; for an atom it 1s customary to sum over 
the different electronic quantum states of the atoms only. For a dia- 
tomic molecular gas, or a polyatomic one, the summation is made over 
rotational and vibrational states, as well as over the electronic, but for 
most gases, atomic or molecular, the different nuclear spin states are 
neglected. 

The nucleus of an atom may, and often does, have a nuclear spin 
magnitude of s, other than zero (measured in units of h/2r). This 
nuclear spin magnitude is fixed, and cannot change (without great change 
in energy), for a given isotope of a given element. The nuclear spin of 
magnitude s, can take 2s, + 1 different orientations along any unique 
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axis in space. These different orientations are distinguished from each 
other in that the projection of the spin along the chosen axis may take 
any of the 2s, + | values which differ by integers from —s, to +s, 
inclusive. (s, 18 always an integer or a half odd integer; it is integral 
if the atomic weight of the isotope is even, and a half odd integer if the 
atomic weight is odd.) 

The magnitude of the magnetic moment associated with the nuclear 
spin is so small that there is no appreciable energy difference between 
the states of differing nuclear spin orientation, even if the atom or 
molecule has itself an appreciable magnetic moment duc to other 
causes. (The very slight energy difference is responsible for the hyper- 
fine structure observed in the atomic spectra with very good in- 
struments. ) 

From a statistical standpoint, then, the effect of the nuclear spin is 
only to increase the number of quantum states in every energy level of 
the molecule by a factor 2s, + 1 for every atom present in the molecule. 
This means that every term of Q; 1s greater by a factor equal to the 
product of all the (2s, + 1)’s for all the atoms in the molecule. The 
result is an additive term in the logarithm of Q;, the sum of the log- 
arithms of the (2s, + 1)’s. This term is, of course, temperature inde- 
pendent, and will not enter into any of the temperature derivatives 
except (d/dT)T In Q;, to which it will also add the sum of the log- 
arithms of the (2s, + 1)’s. The result for the thermodynamic prop- 
erties is that the nuclear spin contributes nothing to the energy, heat 
content, or specific heat, but adds # In (2s, + 1) and ~RT In (2s, + 1) 
to the entropy and free energy, respectively, for every gram atom of the 
element (or isotope) of nuclear spin s,. Since the number of atoms 
remains constant in every chemical or physical change, except those 
of transmutation, this term cancels in every entropy or free energy 
difference, and in no way influences the thermodynamic behavior of the 
system. 

This, however, is not the whole story. In symmetrical diatomic or poly- 
atomic molecules, that is, in molecules which contain several identical atoms, 
only those states are realized in nature for which the eigenfunctions are sym- 
metric, or antisymmetric, respectively, depending on whether the mass num- 
ber of the atoms is even or odd. For given mutual orientation of the spins not 
all rotation-vibration states are possible. It can be shown that for any given 
spin orientation only a fraction 1/y of adjacent rotational levels have the cor- 
rect symmetry. The number y is called the symmetry number. It is the 
number of ways in which a molecule may be rotated into positions which would 
be different from the original one if the identical atoms were numbered and 
distinguishable, but which look identical to the original orientation in view of 
the identity of the atoms of the same element. For diatomic elements y = 2. 
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In a comparatively large range of rotational levels there will be only 1/yth 
as many states existing In a symmetric as in a non-symmetric molecule, inde- 
pendent of the nuclear spin. As long as the energy difference between adjacent 
rotation levels is small compared to kT the result is only to add the term —In y 
to the internal partition function, Q;. The fact remains, however, that there 
are precisely (2s, + 1)” times as many states in a symmetrical molecule of m 
identical atoms of nuclear spin s,, as there would be if the spins were zero. 

As long as the energy difference between adjacent rotational quantum levels 
is small compared to the temperature so that the value of the exponential 
e~/FT is the same for adjacent levels the effect of the nuclear spin will always 
be to add In(2s, + 1) to In Q;, for every atom of the isotope of spin s, present, 
for symmetrical as well as for non-symmetrical molecules. 

If, however, the energy difference between adjacent rotational levels is large 
compared to the temperature so that the value of the exponential e~‘/"" is appre- 
ciably different for two neighboring j values, then the value of In Q; will depend 
on whether the odd or the even values of j are available to the molecules. This 
in turn will depend on the electronic and vibrational quantum numbers, and 
on whether the atoms require symmetric or antisymmetric eigenfunctions, and 
also, if there is a nuclear spin other than zero, on the mutual orientation of the 
nuclear spin vectors in the two atoms. ’ 

This will be discussed in detail in sections 7f and 8d. ‘| 

In symmetrical diatomic or polyatomic molecules containing 1 en- 
tical atoms, although the effect of the nuclear spin is always only to 
increase the number of quantum states in any range of energy which 
includes many rotational levels of the molecule, by a factor equa! to 
the product of the (2s, + 1)’s for all the atoms of the molecule, the 
actual rotational states which are available to the molecule are different 
for different mutual orientations of the nuclear spins. If the energy dif- 
ference between adjacent rotational levels is large compared to kT this 
results in a complicated effect on In Q;. At high temperatures, however, 
the effect is always to add In (2s, + 1) to In Q, per atom in the molecule. - 
It is really only in molecular hydrogen and a few hydrogen derivatives, 
for which the moment of inertia of the molecule is small and, conse- 
quently (see equation 2. 25), the spacing hetween the rotational 
levels large, that the more complicated effect of the nuclear spin is 
observable at a temperature sufficiently high for the materia! to exist 
in the gaseous state. 

The addition of Rin (2s, + 1) per gram atom of isotope to the 
entropy, and consequently —RT In (2s, + 1) to the free .2nergy, 1s an 
effect that alters none of the properties of the system, an none of the 
equilibria in which the number of atoms of the various isotopes is 
unchanged. Therefore, except in respect to hydrogen, Just mentioned, 
and then only at low temperatures, the fact that nuclvar “pins exist 
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can be entirely forgotten in attempting to predict the behavior of 
matter in bulk. This is rather fortunate, since with a few exceptions 
the magnitude of the nuclear spin s, is only imperfectly known. It is 
customary to omit nuclear spin entropy in calculating or tabulating 
entropy and free energy values. Unless the contrary is specifically stated 
nuclear spin entropies will always be omiited. 


6h. The Entropy of Isotope Mixing 

One other complication present in a real system, which is usually 
neglected and negligible in effect, is the fact of the existence of dif- 
ferent isotopes of the same element. Different isotopes of the same 
element are different atoms of the same atomic number (nuclear charge), 
but of differing integral atomic weights. For most substances, although 
not, of course, for hydrogen, the weights of the different isotopes are suf- 
ficiently close, percentually, to the average atomic weight so that the 
use of this for the mass of any of the isotopes introduces a negligible 
error in any of the equations. The internal quantum states of the dif- 
ferent isotopes have also almost the same energies. Substances in which 
theymasses cannot be regarded as identical, and in which the internal 
quaritum states of the molecules have appreciably different energies if 
they contain different isotopes, will not be considered here. The 
isof apes of these substances can be separated chemically. We wish_to 
discuss at present only the effect of the fundamental non-identrty of 
the different isotopes on the value of the thermodynamic propertiés of 
the system. 

We see that here we must expect no effect on the observable prop- 
erties of the system, since, although we are assuming that the isotopes 
are really distinguishable in some way in principle, we intend from the 
start to neglicct all physical differences. This will actually be the 
result: of our considerations, but only if the temperature is moderately 
high, that is, where the effect of the nuclear spin can be neglected. 

The calculations of this chapter have been made under the specific 
assumption that all the N particles were absolutely identical. Sup- 
pose that the system which we treat consists of N,; molecules of one 
kind and.N 2 of another kind, with N; + Nz = N. Since the molecules 
of kind 1 and those of kind 2 are entirely independent, they may be 
treated as vomposing two different systems, coexistent in the volume 
V, and in equilibrium with respect to exchanges of energy. This equi- 
librium ASSUT}'S their having the same temperature. 

The rane of the two different types, although in some way 
physically distinguishable, are so similar in all properties that the 
quantum ee of the molecules have the same energies for a given set 
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of the f quantum numbers. The Q’s and Q,’s of the two kinds of mole- 
cules are then numerically identical. 

The mole fraction of the molecules of kind 1 is ny = N,/N, and that 
of the second kind is ng = N2/N,sothatn; + ng = 1. The free energy, 
per mole of material, and hence per n; moles of the molecules of type 1, 
will be, for the first kind of molecules, just 7; times the expression of 
equation (18), with, however, N; replacing No under the logarithm. 
Since Ny = No, this can be written as n, times the expression of 
equation (18) plus a term n,RT Inn ;. The free energy of the whole 
system, the sum of the free energies of both kinds of molecules, will be, 
since n,; + nz = 1, less than the free energy of a system composed of 
only one kind of particle by just the additive (negative) term 
RT(n, Inn; + negln ng). In taking the derivative with respect to 7’, 
equation (26), to obtain S, an additive —R(n, In n, + ng In ng) will 
be introduced into this property. E and H will be unaffected. 


In section 2k it was pointed out that if one attempted to describe a quantum 
state of a system composed of N identical particles by describing the cell of 
each (numbered) particle, out of the N ! states which differed only in permuta- 
tions of the particles in the cells, there could be formed only one eigenfunction 
which was eompletely symmetric in the permutation of the particles, or only 
one which was completely antisymmetric. The equations of this chapter were 
derived by using this method of counting, that is, by counting only the number 
of-particles in eaeh cell instead of the cell of each numbered particle. If, how- 

-ever, the eigenfunctions were only to be symmetric (or antisymmetric) in 

permutations of the N, particles of the first kind with themselves, and in permu- 
tations of the Nz particles of the second kind with themselves, but did not need 
to have any particular symmetry character with respect to permutations of 
one kind of particle with one of the other kind, then every state of the old sys- 
tem with all particles identical would correspond to N !/N,! No! states of the 
system with the two kinds of particles. 

The value of for the system of two kinds of particles will then be greater 
than that of one kind of particle by the factor N !/N,!Ne2!. The logarithm 
of this factor, multiplied by k, which gives the difference in entropy, is 
k(N In N — Ny In My — NelIn Ne) or —R(m In m% + ne In ne) per mole. 


_ In a gas composed of molecules which contain one atom each of an 
element having the mole fraction n; of isotope of type j present, the 
entropy of mixing due to the isotopes is —R 2) n;1lnn;, which is of 


J 
course a positive quantity, since the mole fractions n; must be smaller 
than unity. 
In a later chapter we shall show that at moderate temperatures, and 
indeed under the same conditions that the nuclear spin entropy is given 
by RF In (2s, + 1) per gram atom, even if molecules are present con- 
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taining several atoms of the element having the different isotopes, the 
entropy of mixing due to the presence of the isotopes is the same per 
gram atom of the element. This means that the entropy and free 
energy differences between systems for which the number of atoms of 
the different elements is the same are unaffected by the existence of 
the isotopes. As with nuclear spin entropy, unless otherwise stated, the 
entropy of isotope mixing will be omitted from the calculations and tabula- 


tions of entropy and free energy. 


6i. The Internal Partition Function of a Monatomic Gas 

The various internal quantum levels of an atom, which are due to 
different electronic configurations, are usually separated from each 
other by an energy difference of the order of magnitude of an electron 
volt, or some tens of kilocalories per mole. The value of kT at 1000°K. 
is 0.08616 in electron volts, or 1.9864 k cal./mole. The exponential 
e—‘/*T for a state of energy 1 ¢.v. = 23.055 k cal./mole is then e7!!* 
or about 107° at 1000°K. For a gas composed of atoms, Q; consists 
of a sum of terms only a very few of which differ appreciably from zero 
at all ordinary tempcratures. 

Since we have agreed to designate the energy of the lowest level as 
zero, the exponential for a state of the lowest energy level is e° or unity. 
The contribution to Q; of the states of zero energy will then always be 
an integer, the number of states in the lowest level. 


The spectroscopic notation which is in common use for most atoms* is to 
designate a level of the atom, or spectroscopic term, by a capital letter carrying 
a left-hand superscript and a right-hand subscript. This is known as the 
Russell-Saunders notation, which is applicable to atoms having Russell-Saunders 
coupling. The superscript gives the “system”? to which the term belongs, 
which may be singlet, doublet, triplet, etc., designated by 1, 2, 3, etc. 

This superscript, the system number, is 2s + 1, in which s is the value of 
the resultant electron spin of all the electrons measured in units of h/27. (The 
square of the vector sum of all the electron spins is s(s + 1)(h/27)?.) s may 
take integral or half integer values, and is integral if the atom or ion contains 
an even number of electrons, otherwise being a half odd integer. The vector 
of magnitude s can take different orientations with respect to another vector 
of magnitude 1. 

The vector of magnitude I is the vector sum of the orbital angular momenta 
of the electrons, and / is always an integer. The value of / for the term is indi- 
eated by the capital letters S, P, D, F corresponding tol = 0, 1, 2, 3, respectively. 

The magnitude of the vector sum of the spin, 8, and the orbital angular 
momentum, TL both vectors, is called j, and is the total angular momentum. 


* See, for instance, L. Pauling and 8. Goudsmit, The Structure of Line Spectra, 
McGraw-Hill, New York, 1930. 
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j may take values differing by integers between the two values |s —1| and 
s + 1, inclusive. The number of different values which j may take for a given 
s and given / is the smaller of the two numbers, 2s + 1 or 22+ 1. The value 
of j is written as a right-hand subscript in the term symbol. 

The term 4Sq is then to be read as: singlet system (superscript 1), the value 
of the resultant electron spin s is therefore zero, the resultant orbital angular 
momentum 2 is zero (given by S), and the total angular momentum j is zero 
(given by the subscript 0). 

The term 2S,/2 is doublet system, s = 1/2, 1 = 0, j = 1/2. 

In these two examples, as in all terms belonging to the singlet system for 
which s = 0, and also for all S terms for which I = 0, the value of j is uniquely 
determined by the values of s and l. However, the term *Pi/2, doublet sys- 
tem, s = 1/2, 1 = 1, with j = 1/2, has a companion term *P3/2 in which the 
only difference is that j is 3/2. These two terms have energies lying moder- 
ately close to each other, which is the origin of the designation that these terms 
belong to the doublet system. However, since for any P term 1 = 1 and 
21 + 1 = 3, there can never be more than three terms even if the system is 
quadruplet or quintuplet, just as there never can be more than a single S term 
even in a doublet or triplet system (except at entirely different energies for 
which an independent S term may exist). 

It is, then, to be expected that if the lowest term of an atom is an S term, or 
any term belonging to a singlet system, there will probably not be another 
term of the atom which is very close to the first in the energy scale, although 
this may happen accidentally. If, however, the lowest term of an atom is not 
an S term, and does not belong to the singlet system, it follows that there must 
be one or more companion terms not differing very greatly in energy from the first. 

Just to make it harder for the reader, and perhaps easier for the typesetter, 
one finds in some books and journals that instead of half odd integer values of 
j, the next larger integer is given. Since s is a half integer for doublet, quad- 
ruplet, and sextet systems, j is always a half odd integer in these cases and 
never for singlet, triplet, and quintuplet systems. The nomenclature is there- 
fore unique. One must then take care to notice that for systems of even multi- 
plicities, if the right-hand subscript of the term is written as an integer, the 
real value of j is that of the subscript minus one-half. 


The right-hand subscript j in the spectroscopic notation of the term 
level is the total angular momentum due to the electrons of the atom, 
measured in the quantum units of h/27. This angular momentum may 
be regarded as a vector of magnitude j which can take 2j + 1 different 
orientations in space, with the component of the vector along any 
arbitrarily chosen axis taking values differing by integers from —j to 
+j, inclusive. These 2j-+ 1 different orientations of the angular 
momentum correspond to different states of the atom, each with the 
same energy (in the absence of a magnetic field). They therefore 
belong to the same level or term. 
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The number of states belonging to the lowest level, the degeneracy 
of the term, is then 2j + 1. If the lowest term is an S term, or if it 
belongs to the singlet system, it usually happens that there exists no 
other level than the lowest with energics less than several electron 
volts. In these cases up to several thousand degrees, and always in 
the neighborhood of 0°K., one can write Q; = 2j + 1, where j is the 
subscript in the spectroscopic notation of the lowest term. The deriv- 
ative of In Q; with respect to temperature is then zero. In such cases, 
one sees from equations (25’) to (29’) that the contribution of the 
internal quantum states to the entropy is & In (2j + 1) per mole, to F 
it is —2T In (2j + 1) per mole, and the contribution to E, H, and C 
is zero. 

The lowest spectroscopic term of all the noble gases is a 'So term. 
The level consists of a single quantum state. The next level has an 
energy* of 159,843 cm.! = 19.72 e.v. or 454.6 k cal./mole in helium, 
and less in the other gases until it is 8.273 e.v. for xenon. Even at 
5000°K. this level contributes only 107° to the sum Q, in xenon, and 
less in the other noble gases. We sec that we may well write Q; = 1, 
In Q; = 0, for the noble gases up to considerable temperatures, and 
these gases are ideal monatomic gases in the sense used in the pre- 
ceding chapter of having only one effective internal quantum state, 
that is, g = 1. 

For the alkali metals the lowest term is 7S),2, so that j = 1/2, and 
the degeneracy is 2. At O°K. In Q; = In 2, and the entropy per mole 
would be greater than that of an ideal monatomic gas by F In 2 per 
mole. The second term, a 7P1;2, with a companion *P3/2 of only 
slightly higher energy, has the energy 14,903.8 em.~ in lithium and 
11,178.3 cm.—! in cesium. For the other alkali metals the value of 
the term lies between these two limits. The 11,178.3 em.~! term of 
cesium has an exponential e~‘/*7 of 1.11077 at 1000°K. and 
3.35 X 107* at 2000°K. 

One particular example which occurs in calculating the thermody- 
namic properties of some monatomic gases is instructive and extremely 
easy to handle. In the halogen atoms the lowest term is a ?P3/2, which 
is accompanied by a *Pj/2 term of slightly higher energy, and then 
comes a rather large energy gap before the next excited level. The 
2P1/2 term has an energy of 407.0 cm.’ in fluorine, e/k = 582.7°; and 
3685 cm.~!, e/k = 5275°, in bromine. The next term has an energy of 


* Energy differences in atoms and molecules are observed by spectral lines the 
wave numbers, 1/), of which are directly measured. The wave numbers are con- 
nected with the energy differences by the relation Ae = hy = hc/), and in this sense 
cm.—! may be used as an energy unit; see conversion table A XIV. 
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102,412 cm.~? in fluorine and 63,429 cm. in bromine. Even at 
10,000°K. this latter term contributes less than 10~* to Q, in bromine, 
whereas the ?P;/2 term has an exponential e~‘/*? of 0.512 at this 
temperature. These atoms may be treated as if only two terms existed, 
and all the higher terms may be neglected. In this particular example 
the degeneracy, or number of quantum states, in the lowest term, 
Jo, is 2(3/2) + 1 = 4; the degeneracy of the second term is 2. 

We shall consider a particle which has go quantum states of zero 
energy, and g, states of energy e, and no other states whatsoever. Q, 1s 
then go + gie~“/*", and In Q; may be written as 


(6. 40) In Q, = In (go + gie*!*”). 
Differentiating, 

d € Ji 
6. 41 T—\lnQ, = — —= 
ap 7% = pr (yoe"!** + gr) 


d € 
(6. 42) ar (T In Q;) = kT eat 5 ae +- In (go - ge! FT) 
d (2 4 e\?  gigoe’!*" 
4 ly yg ef ey) ee 
(6. 43) a(? dT mn a1) (5) (goe!*” + gy)? 


Using the symbol u for e/kT, and inserting the above equations in 
(25’) to (29), one obtains for the contribution of the internal quantum 
states to the thermodynamic properties, per mole, 


(6. 44) F, = —RT In (go + gie “), 
(6. 45) H, = E, = RTu—_ 1 ; 
goe" + 91 
(6. 46) 3; = R| es 1 + In (go + ne) | ) 
(6. 47) a Oy 7 eee 


(goe* + 91)?” 


At high temperatures for which u approaches zero, ~F/RT and S/R 
approach the same asymptotic value of In (gg + g,). E/RT and C/R 
approach zero at high temperatures. With uw = 0 the fraction of the 
molecules in the upper level approaches g;/(go + gi) and the internal 
energy per mole becomes Noe times this value, which can be seen to be 
the asymptotic value of (45) as T > 0 , uw —0. 

The functions E;/RT, —F,/RT, S,/R, and C,/R are plotted against 
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a logarithmic scale of 1/u = kT//e, in Fig. 6. 1, with go and g; both taken 
equal to unity. The specific-hceat curve is seen to have a sharp maximum 


Fia. 6. 1. The contribution to the thermodynamic properties of a mole of gas due to 
the internal quantum states of the molecules, if there are only two non-degenerate 
states with an energy difference ¢, plotted against k7’/e on a logarithmic scale. 


at a temperature of about 0.4«€/k. The maximum of E;/RT is at about 
twice this temperature. S,//¢ rises rather rapidly to its high temper- 
ature value of In 2, being within 10 per cent of this value below |/u = 2. 


6j. The Classical Internal Partition Function of Molecules 
The classical expression for the internal partition function, Q;, may 
be written as 


1 
6.48) Qi = fer ap, «dy, dor +++ day, 


in which f; is the number of internal degrees of freedom, and H;(p,q) is 
the Hamiltonian for the internal degrees of freedom, the total Ham- 
iltonian for the molecule minus the kinetic energy due to the translation 
of the center of mass. 

In general, the classical expression will never be valid, at reasonable 
temperatures, for the electronic degrees of freedom. If the contribution 
of the electronic degrecs of freedom to the partition function cannot be 
expressed as a simple temperaturc-independent integral factor (see 
section 6i), then it will be impossible to use the simple purcly classical 
form of (48) for Q;. We shall consequently assume that, at the tem- 
perature in which we are interested, no electronic levels are excited. 

The number of degrees of freedom of the molecule is not influenced 
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by the presence or absence of forces, and since three coordinates are 
necessary to specify the position of an atom in space, the total number 
of degrees of freedom of n atoms will be 3n, whether they are inde- 
pendent of each other, or whether they are the constituent atoms of a 
molecule. The number of internal degrees of freedom will be less by 
the three coordinates of the center of gravity of the molecule, so that 


(6. 49) f; = 3n — 38, 


in which n is the number of atoms in the molccule. 

There will be one geometric arrangement of the n atoms in the 
molecule which will have the lowest potential energy, and the usual 
convention is to choose this energy as zero. In this equilibrium position 
all the atoms may be in one line, in which event the molecule would be 
called a linear molecule, or they may not be, and the molecule would be 
termed non-linear. A diatomic molecule must obviously always be 
linear, as are also a few polyatomic molecules such as carbon dioxide, 
COs, and acetylene, CoHo. If the molecule is linear, two of the 
3n — 3 coordinates, namely, the two angles 6 and ¢ discussed in section 
2b, will determine only the orientation of the molecule in space with 
fixed center of gravity, and will not influence the distance between 
atoms, and therefore also not the potential energy. If the molecule is 
non-linear there will be three such angles. 

The additive contribution to the Hamiltonian due to these angles 
will be only to the kinetic energy, and will be of the form 


: r=2or3 1 i 
(6. 50) H,(p,q) i p> 21 +f (dr) Pr 
where q; is the angle, f(q,) is some function of the angle, which may be 
just unity, , is the conjugate momentum to the angle, and J, is the 
moment of inertia in the equilibrium configuration of the molecule 
corresponding to the angle q,. 

The potential energy will depend only on the remaining 3n — 5or 
3n — 6 coordinates. For a diatomic molecule for which n is two, and 
which is necessarily linear, this one coordinate, upon which the potential 
energy depends, is simply the distance between the two atoms or, pref- 
erably, the difference between this distance and the equilibrium dis- 
tance, the — of equation (2. 32). 

It will always be possible to choose these 3n — 5 or 3n — 6 coor- 
dinates for linear or non-linear molecules, respectively, so that they are 
all zero at the equilibrium position of zero potential energy. If the 
potential energy is expressed as a power series in these coordinates, the 
constant term gives the lowest value of the potential, which is taken 
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as zero, and since the forces must be zero at equilibrium, the linear 
terms must also all be zero. The first terms in the expansion will be 
the quadratic terms. For sufficiently small displacements one can 
neglect the higher-power terms. Now it is a mathematical theorem 
that one can always find a transformation to new coordinates, q,, called 
normal coordinates, such that there will be only perfect squares occur- 
ring both in the expression for the kinetic energy and in the quadratic 
terms of the potential energy, so that 


s=3n—5 


: or 3n —6 1 P Qs ; 
(6. 51) Hf, (p,q) aa >» a Pa ee Qs) 
s=1 2ps 2 


in which yu, is the reduced mass corresponding to the coordinate q,, 
p, the conjugated momentum, and a, the force constant. The choice 
of the normal coordinates has eliminated cross products of the sort 
25t9e9¢ from the potential energy. 

The total internal Hamiltonian will be the sum of (50) and (51). In 
integrating equation (48), the limits of integration for all 3n — 3 


momenta will be minus and plus infinity, and the integrals for each of 
+00 


the momenta will be of the type f eb"dz = (r/b)'!?, so that 3n — 3 


— 00 
products of this sort will be introduced into Q;. For the angular 
momenta 6 will be of the form (27,k7f(q,))~’, in which, as mentioned 
before, f(q,) may be absent, that is, be identically unity. Since q, 
occurs nowhere else in the Hamiltonian, the integration over the angle 
gr, Which will be between definite limits such as zero and 7, or zero and 
2r, will yield an expression of the type /f'/?(q,) dg,, and the result 
will be some small definite quantity independent of the temperature. 

The total contribution of each of the angular coordinates plus its 
conjugated momentum to the partition function will then be a product 
of the general type (c,I,kT)*/?, in which c, is some small dimensionless 
number, usually containing 7. 

The contribution from one of the vibrational momenta p, will be 
(2ru,kT)*/?, Since equation (51) is valid for only relatively small 
displacements, that is, for small values of the q,’s, the whole partition 
function will be correctly calculated only if KT is small enough so that 
the exponential e~“/*7 becomes almost zero for even rather small dis- 
placements. The limits minus and plus infinity may then be used for 


integration of the coordinates g,. They, then, also contribute integrals 
+0 

of the type f edz = (r/b)'/?, and since b is (a,/2kT), their con- 
—cO 


tribution is each (2rkT'/a,)*!?. 
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The product of the contribution of one of the vibrational coordinates 
g, with that of its conjugated momentum is (477u,/a,)!/2kT. The 
natural frequency », of vibration of the molecule along the normal 
coordinate q, is (a,/p,)'/*(2r)!, so that the contribution of this coor- 
dinate and momentum to the partition function is Just the factor 
kT’ /v,. 

Finally, multiplying all these factors together, dividing by h/*, and 
assigning one h~! to each degree of freedom, and then taking the log- 
arithm, one obtains 


s=3n—5 r=2 

or 38n —6 kT or 3 1 Cyl -kT 
6. 52 ] ® — —— ae | . 
( ) n Qi p> In (=) ¥ yy 2 ze ( h? : 


The contribution to the free energy F, due to these internal degrees 
of freedom, is F; = —RT1InQ;. The contribution to the energy E, 
of the internal freedom, is E, = RT*(d/dT) InQ;, which has the 
extremely simple form 


(6. 53) E, = (3n—4)RT ~~ or (3n — $)RT, 


depending on whether the molecule is linear or non-linear, respectively. 
The internal specific heat is (8n — 4)R or (8n — 3)R, respectively, for 
the two conditions. 

It is well to examine how far these extremely simple results depend 
on the special assumptions made concerning the nature of the molecules. 

In the first place it was absolutely essential to assume that the class- 
ical form (48) could be used for the coordinates considered. The 
assumption that the molecule has an equilibrium position of zero 
potential, with the interatomic distances fixed, leads to the conclusion 
that, for sufficiently small displacements, at least, the potential energy 
must be expressible in a quadratic form, and equations (52) and (53) 
should be valid at sufficiently low temperatures. 

At higher temperatures, for which configurations of higher potential 
energy are attained, deviations from these equations might be expected. 
However, the Hamiltonian for the molecule could always be expressed 
in the Cartesian coordinates of the atomic centers, although the potential 
would have a rather complicated form in these coordinates. In this 
form, the kinetic energy does not include the coordinates, and, if mag- 
netic forces are neglected, the potential energy is independent of the 
momenta. The momenta occur as squares In the Hamiltonian, and also 
in the exponent of the unintegrated partition function, so that inte- 
gration over each of the momenta introduces T!/? as a factor in Q;, and 
an additive 3RT per mole in E;. The negative potential energy occurs 
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in the exponent divided by kT. The integrand of the partition func- 
tion, and consequently also the definite integral, must always increase, 
or at least not decrease, as T increases. Q;, then, receives a factor from 
the integration over the coordinates which either remains constant or 
increases with increasing 7’, and E; always contains a positive (or zero) 
additive contribution from the potential energy. 

The heat capacity would have to receive an additive contribution of 
at least $R per internal degree of freedom per mole, at any temperature, 
if the classical equation were valid. 

Most diatomic molecules have an observed heat capacity C, at con- 
stant volume, of about $f, which, subtracting 37 for the translational 
motion of the center of gravity, leaves only # for the three internal 
degrees of freedom. This specific heat is due only to the two rotational 
angles. The vibrational degree of freedom, which should, classically, 
contribute R to C,, is actually almost completely frozen out by the 
quantum conditions. The first excited vibrational level of energy hy 
above the lowest level (equation 2. 22) has an energy considerably in 
excess of kT at ordinary tempcratures. Classically the average energy 
of the molecule in this degree of freedom should be kT, $kT of kinetic 
energy and an equal average potential energy. In the neighborhood of 
this energy, however, there is no quantum level, and most of the mole- 
cules are actually constrained to remain in the unexcited vibrational 
level of lowest energy. Only a very small fraction, e”/*7, of the 
molecules attain the first excited level, contributing RT (hv/kT)e—™*" 
< RT to the energy of the mole of gas. 

We have assumed that the number of quadratic terms in the classical 
potential energy was 3n — 5 in linear, and 3n — 6 in non-linear mole- 
cules. Such molecules as ethane, H3CCH3, might conceivably have 
free rotation about the C—C bond, so that here one would introduce 
four angles which do not influence the potential energy, and therefore 
expect only 3n — 7 quadratic terms in the potential. Actually it 
appears that the hindrance to free rotation is great enough so that at 
room temperature only a few molecules have sufficient energy to rotate. 


CHAPTER 7 
DIATOMIC GASES 


(a) The Ideal Diatomic Molecule. (b) The Partition Function of a Rotator. 

(c) The Partition Function of an Oscillator. (d) The General Diatomic 

Molecule. (e) The Classical Equations for the General Diatomic Molecule. 
(f) Molecules Composed of Two Identical Atoms. 


7a. The Ideal Diatomic Molecule 

A large proportion of all the chemically stable diatomic molecules 
have a singlet (3:9) lowest electronic level without angular momentum, 
and no other electronic level with energy low enough to become appre- 
ciably excited below sevcral thousand degrees. The low internal energy 
states of such a molecule will depend on three quantum numbers, v, j, 
and m, associated with the coordinates giving the displacement from 
the equilibrium distance betwcen atoms, and the two angles of the axis, 
respectively (compare section 2h, example 4). The lower of these 
states will be approximated fairly accurately by a formula giving the 
energy as the sum of two terms, one depending on v alone, and one on 
j (equation 2. 33). The energy does not depend on the value of m. 
A molecule for which this was strictly true might be termed an ideal 
diatomic molecule. 

The ideal diatomic molecule will be defined as one whose internal 
energy is given by the equation 


h? 
; ee i ese a As 
(7. 1) €; (Vv + 3 )hy + jG = 1) (=) ’ 
with 
a. Let Li ee 
(7. 2) I = pro, B m, + Me 


I is the moment of inertia, » is the reduced mass, 79 is the equilibrium 
distance between the two atoms of masses m, and mo, and v is the natural 
frequency of vibration of the molecule along the line of centers of the 
two atoms. The quantum number m, which does not occur in the 
equation for the energy, gives the projection on an arbitrary axis of the 
total angular momentum vector of magnitude j. The values which m 
can take depend on j, namely, 2j + 1 values differing by integers from 
149 
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—j to +j. In order to simplify the writing of subsequent equations 
it will be convenient to define two new quantities, u anda, so that 


hv hwe 
Gee) OS ET kT’ 
h? hBe 
e 4 — = —— J 
(Ga) o  8e2IkT kT 


where w = v/cand B = h/8r*Jc, of dimensions cm, are most frequently 
found tabulated in the literature. Values of these constants for some 
diatomic molecules are given in the Appendix table, A XIT. 

Since equation (1) assigns the energy hv/2 to the lowest state of the 
molecule with v = 0 and j = 0, which is obtained by measuring the 
energy from the lowest part of the potential-energy diagram of the 
molecule, we will change the equation in such a way as to measure 
the energy from the lowest quantum state. Using (3) and (4), we 
then obtain 
(7. 5) pw +IG + Le, 

It is obvious that since the energy is written as the sum of a term 
depending on v alone, and one depending on j alone, we can separate 
Q; into a product of two terms, in the same way that Q was separated 
into Qe : Qi, 

(7. 6) 0; ie d : Qim : 


The equations for Q,, the partition function for one degree of freedom 
in oscillation, and Q;,, the partition function of a two-dimensional 


rotator, are 


(7. 7) Q, = alae? 
v>0 

(7. 8) Qim = DL (2j+ 1) Ht, 
j>0 


in the second of which the summation over m has been performed, 
resulting in the multiplication of every term by (2j + 1). 

The terms of Q, are to be summed over all integral values of v equal 
to and greater than zero. In the sum Qjm, however, there are three 
different possibilities. If the molecule considered is one of a com- 
pound, that is, if the two atoms composing it are not identical, but are 
of different elements, or even if they are atoms of the same element but 
of two different isotopes of the element, then j takes all integral values 
equal to, and greater than, zero. If, however, the two atoms com- 
posing the molecule are identical, then for any given mutual orientation 
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of the nuclear spins of the atoms either only the odd values of j, or only 
the even values of j, correspond to possible states of the molecule. The 
reason for this difference between molecules composed of identical 
atoms and those composed of two different kinds of atoms has already 
been discussed to some extent in the paragraphs in fine print of section 
6g, in which its influence on the entropy of nuclear spin was discussed. 
We shall treat the subject later (section 7f) at greater length. At the 
present time it wil] be sufficient to notice that the three different cases 
may occur: that for which all integral values of j are allowed, and which 
will be designated by Qjm:; that for which j may take only odd values, 
Qimo; or that for which it may take only even values, Qim.. The two 
last conditions can occur only in elements. 


7b. The Partition Function of a Rotator 

The partition function for a rotator, a body with finite (and equal) 
moments of inertia, J, about only two axes, is given by equation (8), 
in which j may take all integral values, Qjm:, or only even values, Qjme, 
or only odd values, Qjm.. Obviously 


(7. 9) Qime a Qimo me Qimt- 


If (8) is used for only odd j values, the lowest level, for which j 1s 
equal to unity, is assigned the energy 2kTo. This would be in contra- 
diction to our agreement always to assign the energy zero to the lowest 
level of the molecule. We shall designate by Qi}, the partition func- 
tion for a rotator having only odd levels with the energy scale so chosen 
that the lowest level with j = 1 has zero energy. It follows from the 
argument given in section 6f that 


(7. 10) tno as Qimoe*”. 


Both the free energy and the energy calculated from Qfn, will be smaller, 
per mole, by an amount 2RTo than the values calculated from Qjmo. 
The specific heat and entropy will be the same from both partition 
functions. 

The molecule Hz has the smallest moment of inertia of any molecule, 
and consequently, from (4), the largest value of To, namely, 84.971°. 
Iodine has about the largest J encountered in a diatomic molecule which 
can be obtained gaseous at moderately low temperatures. The value 
of To for I, is 0.05340°. Between these two extremes, To for HCl 1s 
14.946°, for No it is 2.847°, and for Og it is 2.059°. It is seen that, 
except for Hoe, the value of o at or above the boiling point is fairly low 
for all gases. The values at the boiling points are 4.18 at 7 = 20.3°K. 
for He, 0.079 at 7 = 189.4°K. for HCI, 0.037 at T = 77.3°K. for No, 
and 0.023 at 7 = 90.1°K. for Og. 
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It is for Hz alone that one is interested in the partition function for 
values of o of about unity or greater. For this molecule it 1s essential, 
and not very difficult, tosum equation (8) by actual numerical summation, 
term by term. Ifo is small, however, the terms of (8) converge very 
slowly and numerical summation becomes tedious. It is possible, then, 
to use an easy approximation method known as the Euler-Maclaurin 
summation formula. This method approximates the sum of a function 
of j, extended over integral values of j, in terms of the integral of the 
function and successive derivatives of it at the value of j corresponding 
to the first term. The method is applicable, of course, only if the suc- 
cessive terms of the approximation converge, and, as might be expected, 
when applied to (8) it is found that the convergence is good for only 
small values of o. 

Actually it is found that the method works fairly successfully for o 
as large as unity for Qin, although the approximations for Ejy, and 
Cm, the contribution to the energy and the specific heat, respectively, 
are accurate only for somewhat lower valucs of o. For Qjm,. and 
Qimo, for which j takes values differing by 2, it is easy to substitute 2k 
and 2k + 1, respectively, for j, so that the summation goes over all 
integral values of k. The convergence is considerably poorer 1n these 
cases than in the summation over all j values, and the approximation 
formulas derived are valid only if o is less than or equal to about 0.2. 

The range of values of o for which the approximation formulas, or 
direct summation, are to be used is largely a question of convenience, 
and dependent on the desired accuracy of the results. We shall show 
the application of the summation formula to (8). 


n= 
If > f(n) is the sum, extended over values of n differing by integers, 
n=¢a 
from a to infinity, of a function, f(n), then the sum can have a finite 
value (be convergent) only if the function and all its derivatives are 
zero at infinity. We may denote by f(x) the same function of a con- 
tinuous variable x. The first term of the sum will be f(a). The 
symbols f'(a), f(a), and f’(a) may be used to designate the first, 
third, and fifth derivatives of the function with respect to z, at x = a. 
The Euler-Maclaurin summation formula gives 


71) Esa) = ff) de + YO) - AO) + rho) 
— sytarol (a) +:::. 


This formula is also discussed in Appendix AITII. The approximation 
is valid, of course, only if the sum on the right converges. 
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Applying this* to (8) for Qim:, for which j takes all integral values, 
and the first value, a, is zero, the function f(z) is seen to be 
(27 + 1)e**th°, The first term of the sum on the left-hand side, 
obtained by substituting zero for x in f(x), is unity. Differentiation 
and subsequent substitution of zero for x give (2 —o) for f'(0), 
(—120 + 1207 — o*) for f™™(0), and (12007 — 1800° + 30c* — o*) for 
f"(0). The next odd derivative would begin with a cubic term in o. 
The integral can easily be found by substituting the new variable 
z2=2(4+1),dz = (22 + 1) dz, obtaining 


eo) re) a 
(7. 12) J f(x) Ap = J (2x + Le 2ethe dz = J en” dz no 


o 


If these values are substituted in (11), and terms of higher than the 
second power ino are omitted, one obtains 


2 3 
Osa, ay 2A are a i: ee 2 
(7.13) Qhm =o +5454 54 ), o < 1.0. 


The limit of validity given, that o must be smaller than or equal to 
unity, is the limit for calculations within 1 per cent. For larger values 
of o one must use 


(7. 13’) Qinr = 1 + 3e7* + Se + Te”, 


which are sufficient terms to give the sum within 0.1 per cent at 
o = 0.7. Fewer terms need be used as a increases. 

If now the Euler-Maclaurin summation formula is applied to Qim. 
in (8), for which j takes only even valucs, the substitution of 2k = j 
gives a sum over all integral values of k, and the function f(x) becomes 
(42 + 1)e~2#22+1)° “The integral of the function from zero to infinity 
is just half the previous value, or 1/2c. The first term of the sum is the 
same as before, and the nth derivative is 2”-fold greater than with 
Qim: Substitution of the corresponding values in (11) leads to 
Qime = Vimr/2, an equation which is valid for small values of ¢. How- 
ever, the sum of (11) does not converge nearly as rapidly, for the same 
value of ¢, when used for Qjn, a8 when used for Qjn;, and indeed one 
can see that with o = 4 the convergence of (11) for Qjm. is about the 
same as it is witho = 1 for Qjn,. The special order of collecting terms 
of the same power of o gives the illusion in the equation for Qn, cor- 
responding to (13) that the sum is convergent up to relatively large o 
values, whereas this was actually not so at all in (11). Consequently, 


* This leads to the same result as that first obtained by H. P. Mulholland, Proc. 
Cambridge Phil. Soc., 24, 280 (1928). 
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it is illusory to include the last correction term of (13) in the equation 
for Qime- 

Since, within the range of validity of the approximation method, 
Qime 18 Just half of Qjm:, it follows from (9) that Qjmo = Qjme. The 
corrected partition function for odd states, Qt, calculated by assigning 
the energy zero to the level j = 1, is e?"Qjm. from (10). The equations 
are, then, 


1 2 
(7. 14) Qime ae Qjmo = 55(1 + a =) ’ o < 0.3, 


the limit of validity, as before, being assigned for calculation within 1 
per cent. At higher values of ¢ one must use 


(7. 14’) Qime = 1 + 5e°" + Ge? + 136-42, 
Qino = BE~2" + Te*27 + 11678" F156 O™, 
Qno = B+ Te 4+ 116-78" + 15e—P4, 


The contribution to the various thermodynamic properties of the gas 
due to these internal rotational levels can then be immediately calcu- 
lated by means of equations (6. 25’) to (6. 29’). In taking the loga- 
rithm of the sum 1 +o¢/3 +--- it is convenient to use the approxi- 
mation that In (1 + 2) = 2 — $22 +.---. The quantity is inversely 
proportional to the temperature, (4), so that T'(d/dT)o = —o. The 
equations for the high-temperature approximations follow. The low- 
temperature range occurs so seldom that it seems to be unnecessary to 
make the special developments which are most convenient for numer- 
ical calculations. Tables of the functions for high values of o are to be 
found in Appendix AIX. 

The limits of validity given after the expressions are those for which 
the approximations give the functions within 1 per cent or better. The 
equations are: 


(7. 15) F, = —RT in Q,, 
o o” 8o° 
= RT| Ino ---—- —- < 0.95. 
Fmt RT (In 7-3-9 =) ; ¢ < 0.95 
o og? 
Fyme = F mo = RT (Ine + In2 — 3 = =) ’ o < 0.35. 


2 
Fae = RT (ine +n 2— EZ - =), o < 0.36. 
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(7.16) E= RT? In Q;, 


d d 
(7.17) S = han (T In Q;) = RT —7|n Q, + # In Q,, 


a ae) 
‘m = R — ] cece, ‘temiceaes "Ceara; | ecnaeeeaeccncimdie ; < 9. 
Sime (1 No — 95 — 5836 ¢ <0 


2 


Shme = Simo = Shino = R(1 —Ino — n2-<), ¢ < 0.3. 


d ,.d 
(7. 18) C; =k? a in Yi. 


o° 
Crm = R145 + om) o < 08. 
C=C, = Ci HS Can ox 02: 


In Figs. 7. 1,7. 2, and 7. 3 thefunctions F/RT, E/RT, and C/R are 
plotted against co. 

F/RT for all j values and for even j values goes exponentially to zero 
as 7’ decreases, o increases, the molecules all settling into the single 
lowest state for which j = 0. For odd j values the molecule all seeks 
the lowest level of three states for which j = 1 as the temperature 
decreases. This level has an entropy Rin 3 per mole. If the level is 
assigned zero energy, Fimo/RT becomes asymptotic to —1n 3, but when 
assigned the energy 2k7'c, the corresponding function Fj,./RT becomes 
asymptotic to 2c — In3. 

E/RT is seen always to approach unity at infinite temperature and 
to go exponentially to zero at low temperatures, except for E,.,/RT, 
which approaches 2c, the energy assigned to the lowest level divided 
by kT. 

C/R has the classical value of unity at high temperatures, increases 
at first as T is lowered, then decreases exponentially to zero at zero 
temperature. 
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The difference in energy between the lowest and the first excited level 
is different in all three cases. For all j values it is 2 measured in units of 
kToc. For only even j’s the difference is 6 in these units, and for only 


Odd )’s (uncorrected for energy of 
lowest level) 


0.0 
ee of j 


~1.0 Asymptotic to—Ine3= 


Only odd 7's (corrected 
energy of 


for Rotator 
2 


—~3.0 
0.0 Infinite 0.5 1.0 1.5 .0 Low 
temperature o=h/ (877 IkT) temperature 


Fic. 7. 1. Free Energy per mole due to rotation, divided by RT. 


odd j’s it is 10. Correspondingly, all the functions approach their 
asymptotic low tempcrature values at lower o values, that is, at higher 


j's only 
(corrected)]“™ 


0.0 
0.0 Infinite 0.5 1.0 1.5 2.0 Low 
temperature o=h/ (87? IkT) temperature 


Fic. 7. 2. Energy per mole due to rotation, divided by RT. 


temperatures, for odd j values than for even j’s, and lower o values for 
even j’s than for all j’s. 


C/R and E/RT both approach unity at high temperatures for all 
three cases, that is, whether all j values, or only the odd, or only the 
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even, levels are available to the molecules does not affect the average 
energy at sufficiently high temperatures. If, however, the two atoms 
of the molecule are identical, so that only half of the rotational levels 
are available to it, whether they are the odd or the even half, the effect 


0.0 Infinite 0.5 0 1.5 
temperature o=h?/(877IkT)—> temperature 


2.0 Low 


lia. 7.3. Heat capacity per mole due to rotation, divided by RT. 


is to make the value of the entropy lower by just R In 2 per mole at 
high temperatures. Correspondingly, the value of the free energy is 
increased by RT In 2 if only half of the levels are occupied. We shall 
see in section 7f that this also follows from classical considerations. 


7c. The Partition Function of an Oscillator 

The value of Ay for any given molecule is always greater than the 
value of h?/(8r7I), so that the quantity wu, equation (3), at a definite 
temperature, is greater than the value of o, equation (4). For most 
molecules, and for ordinary temperatures, u is considerably greater than 
unity. The quantity hv/k, which is frequently assigned the symbol 4, 
has the value 5958° for hydrogen, the highest value of any diatomic 
gas, and is 305.1° for iodine, which is about the lowest value encoun- 
tered in a chemically stable diatomic molecule which can be obtained 
gaseous at ordinary temperatures. At 300°K. it is seen that wu is 19.86 
for Ho, and 1.017 for Io. 

The sum Q, of equation (7) is the partition function of an oscillator. 
The sum is of the general type 1 + &€% + (e€“)? + (e&%)? + ---, and 
since e~“ is necessarily smaller than unity, this sum can be expressed in 
closed form by 


(7. 19) Q,= 1 —e*)7. 


At ordinary temperatures wu is appreciably larger than unity for most 
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molecules, e~“ is small, and Q, is scarcely greater than unity. In Q, is 
then very small and the vibrational contribution to the thermodynamic 
functions is almost negligible. 

For rather high temperatures, u about equal to unity or less, a 
useful approximation can be made by expanding the exponential as a 
power series in u,é“ = 1— w+ 4u? —---. The algebra is straight- 
forward. The result, 


a 40) uw? us ), 

(19) Qawt(1+e+ 5-2 4. 

is exactly what would be obtained by application of the Euler-Maclaurin 
summation formula (11) to the sum of (7). This can be readily verified, 
since the continuous function is just e~“”, the integral of which from zero 
to infinity is w~*, the value of the finietion at x = 0 is unity, and the 
nth derivative at x = Ois just (— u)”. 

In taking the logarithm of the f oun Oe: ) for Q, the usual development 
is made of In (1+ 2) = x — 327 +--+. Since wu is inversely propor- 
tional to 7’, (3), one has TduJ/aT = —u. Substitution in equations 
(6. 25’) to (6. 29’) for the contribution to the various thermodynamic 
functions offers no difficulties. The equations are: 


(7. 20) F, = —RT1iInQ, = RT In (1 — €") 


u2 us 
RT() cage recs ai 
( ac near 7 


us ; 
= ze (in U Seneca 5A ee a) ae 3Nohv. 


(7.21) E, 


d U 
fy | =A - 
ae a oe 


u u? us 
777 bd a eee ie al 
( 27 12 = 
Yid ut ; 
= RT (14+ —— LN hip 


(7.22) §, -RETIng, = Rl = is “= Ine) | 


uz ut 
ee pt fc La 
( ee 5 «) 
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d jo d 
(7. 23) C= kaa? ap in Gs 


The second term in the equations for F, and E, is —3kTu. This 
term is temperature independent, since u 1s inversely proportional to 
the temperature, and, by replacing u with hy/kT and noting that R/k 
is No, Avogadro’s number, the term can be written as —$Nohv. In 
section 6f, equations (6. 37) and (6. 38), it was found that an altera- 
tion in the zero from which the energy of the molecules was measured 
resulted :in a corresponding change in the value of E and F. 

By using (5) for the energy of the diatomic molecule the zero of 
energy has been so chosen that that of the lowest quantum level is zero. 
As a consequence (21) gives zero energy to the system at absolute zero 
temperature. This choice of zero from which to measure the energy 
of the molecules is not the usual quantum-mechanical one of equation 
(1), which was so chosen that the lowest point of the potential-energy 
diagram of the molecule should be zero. The two differ by $hv per 
molecule or $Nohv per mole, just the value of the second term in the 
development of the free energy and the energy of the system. 

The free energy and energy, according to our equations, are, then, 
less, by exactly 4Nohv, than they would have been found to be if the 
zero of energy had been chosen as the lowest potential energy of the 
molecules, and if this latter choice had been made, the equations obtained 
would have been those of the last lines of (20) and (21), omitting the 
constant term 4Nohv. The equations for entropy and heat capacity 
would have been unaltered. 

We shall later see, section 7e, that, with the omission of these constant 
terms, the terms in the expansions of equations (20) to (23) which do 
not approach zero at high temperatures are the same as the expressions 
obtained with the classical partition function, in which case, of course, 
the zero of energy is chosen as the lowest potential energy of the 
molecule. 

The functions F,/RT, E,/RT, S,/RT, and C,/F are plotted against 
u in Fig. 7. 4. It is seen that all of them approach zero at the absolute 
zero of temperature, and indeed they are all small at u = 5 to 10, which 
is about the value of wu for most gases at room temperature. Since the 
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vibrational contribution to the heat capacity is often negligible, and the 
rotational contribution has the classical value R, the total heat capacity, 
at constant volume, of most diatomic gases is 5R/2 or about 5 cal. per 
deg. 


3.0 Low 4.0 


Infinite 1.0 A 
temperature 


2.0 
temperature U=0/T=hv/kT 


Fia. 7. 4. Thermodynamic functions of one mole of monochromatic oscillators. 


7d. The General Diatomic Molecule 

Although very many real diatomic molecules have only a single elec- 
tronic state which is important, up to temperatures of several thousand 
degrees, the approximation of equation (1) for the energy due to rotation 
and vibration is never exact, and deviations from it are often appre- 
ciable for levels whose energies are comparable with kT at as low as 
500°K. The next and fairly satisfactory approximation for the energy 
in terms of v and j is 


) 


; a I 
6 = (V+ 3)hve — ae(v + 3)7hve + j(j + 1) = ay 
Srl. 
— Dehej2(j + 1)? — ahe(v + 1G + 1, 
or, in terms of wave numbers, 
1 
he q=(v+ 2)We =v 2) Lee + jj + 1)Be 
—PG + 1)?D. — (V+ 3)j G+ De. 


An alternative form is frequently found in the literature, in which the 
energy of the lowest level, v = 0, j = 0, is taken to be zero, 


(7. 24) 


l ioe 
— & = Vu — V*towy + j(j + 1)Bo 


(7. 24’) ; 
C 
—?( + 1)°D. — vjj + 1a. 
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For the alternative forms (24) and (24’), the relations 

(7. 25) Wo = we(1 — Ze), 

(7. 26) % = 2z(1 +2.) MX; 


| 
& 
ea=N 
—_" 

| 
bo | 
|e 
Ne” 


(7. 27) By = 


must hold for any molecule. The quantities a and D, have the same 
value in the two forms. 

Equations (24) or (24’) are essentially empirical developments in 
powers of the quantum numbers, the terms proportional to (v + 3)? 
or v’, j°(j + 1), and (v + $)j(j + 1) or vj(j + 1) being introduced 
as first-order corrections to the simpler equation (1) involving only two 
terms. The development may also be made using the perturbation 
theory and quantum mechanics. It is then seen that the dimensionless 
quantity x, is due to the deviation of the true potential energy of the 
molecule from the Hooke’s law equation, U(é) = gat”. If the potential 
is assumed to be given by the expansion U(£) = $at?(1 — bE + 
|7bé?/12]), which is the expansion of the Morse function, then 2, is 
related to 6 by the equation 


(7. 28) te = --b? 


with » the reduced mass. However, theoretically the quantities D, 
and a are determined by J,, w., and z-._ The relationships 


dD, B. 2 
(7. 29) =f = (=) any 
€ We 
a B wert. \!/2 
7. 30 See) aes 
( B, : We ( B, ) | ° 


which also may be taken as definitions of the new dimensionless quan- 
tities y and 4, are not always found to be strictly obeyed by the values 
of D, and a found empirically and tabulated in the literature. This is 
not very surprising, since the empirical values always contain a certain 
averaged correction due to still higher-order corrections to equations 
(24) or (24’). Nevertheless, (29) and (30) are frequently useful where 
D, and a have not been determined spectroscopically. In general, if 
the experimental values from which they have been taken are reliable, 
the empirical values of D, and a are preferable for our purposes to the 
theoretical values of (29) and (80), just because they give a better 
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approximation to the actual levels by empirically taking into account 
the averaged higher-order corrections. 

Both (24) and (24’) have the disadvantage that the frequency w, 
Or wo does not give the difference in energy between the lowest and first 
excited vibration level. By writing the equation in such a way that 
the difference in energy of the two lowest vibration levels enters directly, 
the equations of the past section will give the contribution of vibration 
to the thermodynamic properties most accurately, and the correction 
terms which will be developed in this section will be smaller at any given 
temperature. 

We shall, consequently, use 


(7. 31) 7 = vu — av(v — Iut jG + DE1 —477G +1) — ove, 
where, 
6 hy hwc huge hwoc 
. =— oe eee eee 1 — 2 2) SS — ; 
32) pt pT pp hw Pte) = Gyr — 20) 
; _ Bohe _ Bhe 1 
(7. 33) gO = aa (1 — $8). 


The internal partition function Q, is the sum of the exponential of 
minus the energy over kT’, extended over the quantum numbers vy, j, 
and m, and will be designated by Qyjm. It is given by the equation 
V=00 j=0o 

(7. 34) Quin = > > (2j + Lye ly ~ avy 1] of + D0 47°90 +) —dv] 
v=0 j=0 

This sum must now be evaluated. 

To do so, we first sum over j, using the approximation method of (11), 
by integrating and adding one-half the value of the first term and sub- 
tracting one-twelfth of the initial derivative. In the integration, as 
in (12), the variable z is substituted for j(j + 1), with dz = (2j + 1)dj. 
In the initial derivative the term proportional to o is neglected, so that 
the approximation is carried to two powers of o less than in deriving 
(13). One obtains 


j= 00 


(7. 35) LY (25 + Le G+ YA -4744G +0 -ay) 
j=0 


1 


= (1 —dv)2z+47%o I 
om —a (1 —dv)z Vos? J, caer 
J e T 5 6 


The integral, as also the original sum, would be infinity, if integrated 
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(or summed) correctly. This is because the positive part of the expo- 
nential, proportional to the square of the variable, becomes predominant 
at large values of the variable. The error, of course, is introduced by 
the use of the approximate equation (31) which is not valid to infinite 
j’s. One nevertheless can obtain a correct approximation by expand- 
ing the factor e*’”” before integration into 1 + 4y?0z?, and then inte- 
grating, obtaining 


fo @) ioe] 
f @ 7 vz +4 y7a24 dz o f (1 as 4y2027)e 7" —dv)z dz 
0 


0 


PD io in 


~ g(1 — dv) 


s | ar 
(1 + 4y*- *) evdy 
0 Co 


lle 


o '(1 — bv) 7(1 + 8y%7) 
~o 31 + By7%a7! 4+ dv). 


Inserting this in (35), one obtains 


(7. 36) > (25 + Le 3G +NG 49516 +) —4v) 
j=0 
= oi +s +2 + 807 + ov). 


The use of (36) in (34) yields 


v=0 
(7. 37) Qin = Lo ie aes c+ ag + ov] pene oer ene 
Again developing e”**"— as 1 + uzv(v — 1) +--+, and using this in 


(37), one arrives at 


v= 


(7. 38) Qvim = Lo (+3 = sere an (6 — xu)v + cuv > ae 


vY= 


The sum, ie”, has already been found to be (1 — e“)}, (19); 
and the sum ve av is (—d/du)die’, which is e~“(1 — e~*)~. 
Similarly, the sum Yiv’e“Yis found to be e “(1 — @*)-? + 
Qe—24(1 — & “)-%. Using this in (38) finally yields 


2 


7 1 g , 8y¥ 6 eae a 
(7. 39) Qin = a | + $+ C toto 
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Upon developing In (1 +2) =2z—---, the equation for In Qyjm is 
seen to be 


(7.40) INnQym = —Ino + ; —In (1 — &*) 


Sy? 5 2ru 
= a Te Ge? 

The first two terms of the above expression are the first terms in the 
old development, (15), for In Qjme, and the third term is the expression 
(20) for InQ@,. The last three of the terms are new correction terms 
which vanish at low temperatures. 

We may define the correction term In Q, as the difference between 
In Qyjm and the sum of the two approximations obtained by the use 
of (1) in which the contributions of the rotation and vibration to the 
energy are separated, In Qj, and In Q,, so that, 


(7. 41) In Q- = In Qyim — In Qim — In Qy. 


From (29) it is seen that y = B./w,. Neglecting the small difference 
between B, and Bo, between w, and w, using (82), u = whc/kT, and 
(33), o = Bohc/kT, one may write y = a/u, 8y?/o = 8y/u. One then 
finds 


(7, 42) InQ, = {8 +6 . +2 | 
_ sree, erg tee fee ey 

Since the term In Q, is important only at high temperatures where 
u is moderately small, the expansion of the first two expressions of 
(21), u/(e* — 1) = 1 — u/2 + u?/12 — u*/720, and consequently 
u7/(e% — 1)? = 1 — u + 5u7/12 — v?/12 + u*/240, may be used. 
The equation then takes the form 


(7. 43) InQ,. = “1y +6422) ~ (5 +22) 
io 5 -wi-w(5- =) ete 
+u(54+5 “6 w (5 120) 7 


In these expressions, y, 6, and x are dimensionless and independent 
of the temperature. The quantity wu is inversely proportional to the 
temperature, (32). Although the development (43) has temperature- 
independent terms and terms which grow with decreasing temperatures 
it is evident from the unexpanded form (42) that In Q, approaches zero 
with decreasing temperature, as u becomes large. 
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Of the quantities 7, 5, and z, only two are independent according to 

equations (29) and (30). We may use the two, y = o/u, and z, as 

independent, writing (30) in the form 

(7. 44) 6 = 6y)/77!/2 — by, 

and so further simplify (43) to 

(7.45) InQ, = wl (2y + Gy! /2a1/? + xr) + (By — By! /2a!/? — 2x) 


48 (By + Byl2x1/2 + 52) — u 4 a (aattt ag exse, 
6 6 120 


Since T(du/dT) = —u, it is no great chore to perform the necessary 
differentiations in order to calculate the additive contributions of these 
correction terms to the various thermodynamic functions of the gas. 
Using (45) one obtains 


(7. 46) F, = —RT InQ, = RT| —w\@y -{- Gy! 2y1/2 + 27) 
2 
— (By — 8y'/2q1/? — an) — (37 4 Byll2gll2 4. 5a) + Ae 
u? 
Sager ee ee - 
(7. 47) E. = RT? — In 0. = Raw (2y + 6yl/2q1/? + 27) 
U 1/2..1/2 u* u® 1/2,.1/2 
a Goes? aad se ee era amar al Ad + 2) + |, 
d 
(7. 48) S. = R(T ln Q. — In Qe) 


= Al (Ay + 12y2/2y1/2 4 4x) 


2 
+ (By — Byt/2gtl2 — an) + 7° 


Vg 
= a5" — yW2gll2 4 2) 4... | 
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d . d 
(7. 49) C.= Raat ap iB Ve 


= al w (4y + 12y1/2e1/?2 4 47) 


u? u? 


Borie — (vy — vll2p1/2 oe fe 
3 tt 57 year!” 4+) + | 

The actual numerical values of the quantities y and x vary from 
1.43 107? and 2.736 107-2, respectively, for Ha, to 0.0175 107? and 
0.278 107, respectively, for Ig. The coefficient of the term R7T’/u in 
F, and E, is, then, 0.2018 for H, and 0.0101 for Iz. However, uT = 6 
is 958° for H, and only 305.1° for Ig, so that at T = 500°K., u = 11.92 
for Hy and 0.6102 for I,. The first term in the development (46) for 
Ie is —0.0165RT = —16.5 cal. at 500°K. The whole correction, 
F,, is —11 cal. at this temperature for this gas. Tor hydrogen at this 
temperature, with u = 11.9, the development of (46) is invalid and 
we must use the undeveloped equation (42). The only term which is 
appreciable at this temperature is the first, —H7T8y/u, in F,, and its 
numerical value turns out to be —9.6 cal. at 500°K. This term is due 
only to the rotational stretching. 

Since the whole free energy of these gases is about a thousand times 
as large at these temperatures, the corrections amount to about 0.1 
per cent, but they increase rather rapidly in importance as the tem- 
perature rises. It is seen from the values given that the corrections 
are of the same order of magnitude for the two gases Hz and Iz at the 
same temperature, although the values of y and x are very different. 
This is not so surprising, since the correction terms depend mostly on 
the shape of the potential energy function at the energy corresponding 
approximately to k7’, which is roughly the same for all molecules having 
about the same binding energy. Actually Ne, which has an abnormally 
high binding energy because of the triple bond, and consequently, in 
spite of the high reduced mass, almost as high a value of wT’ = 0(3336.6°) 
as H», shows only about a third as large correction terms as Hg. 

For He* and some other molecules, especially those containing a 
hydrogen atom, the corrections become appreciable at temperatures 
where wu is much greater than unity and the expanded equations (46) to 
(49) are not applicable. For these cases the unexpanded form (42), and 
the equations derived from this form by differentiation, must be used. 


* W. F. Giauque, J. Am. Chem. Soc., 62, 4816 (1930), and also Clyde O. Davis and 
Herrick L. Johnston, tbid., 66, 1045 (1934), found it desirable to calculate Q; for He 
by summation of observed numerical energy levels, instead of attempting to use 
correction equations. 
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Te. The Classical Equations for the General Diatomic Molecule 

In sections 6b and 6j it was shown that the classical analogue of the 
quantum-mechanical partition function is obtained by integrating over 
all coordinates and momenta the exponential of the negative of the 
Hamiltonian divided by k7’. The internal coordinates of the diatomic 
molecule are the two angles ¢ and 6 and the distance é of stretching 
from the equilibrium distance 19 of the two atoms. These coordinates 
have already been discussed in section 2h, example 2. 

Since the classical approximation is valid only at high temperatures, 
for which the deviations from truly harmonic vibration are appreciable, 
it will be found advisable to take deviations from the ideal form of the 
potential energy into account; that is, we shall not assume, as in scc- 
tion 2h, that U(é) = gaé®. It will also be necessary to consider, at 
least in first approximation, the influence of the motion on the moment 
of inertia I; that is, departing from our practice in the example in 
section 2h, we shall write J explicitly as a function of , J (é). 

The most satisfactory simple general equation which has been found 
to give the potential energy of a diatomic molecule as a function of the 
coordinate £ fairly well is the Morse function, 


(7. 50) U(é) = K(1 — e-4*)?. 


This function is so chosen that its minimum value at ~ = 0 1s zero. 
Expanding the exponential, one obtains. 


(7. 51) U(t) = KA%? — KA%¢3 4 “: KAS oo. 


for low values of &. 
If this is written in the form 


(7. 51’) U(é) = bas? (1 — be + = 0 fuse ), 


one sees by comparison of the two forms (51) and (51’) that 
(7. 52) a = 2KA?, b= A. 


The experimentally observable quantity z,, which occurs in the 
equation for the energy of the various vibrational levels of the molecule, 
é = (V+ 4)hy. — (v+45)*aehve, is found by quantum-mechanical 
calculation to be related to b by the equation* 

hv. _ hv,b? 


(7. 53) Le = 4K = 2a 


*See, for instance, Pauling and Wilson, Introduction to Quantum Mechanics, 
McGraw-Hill, New York, 1935, page 271. 
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Remembering that (a/u)(1/44?) = v? = (wc)? (equation 2. 21), 
where yu is the reduced mass, and using B, = h/(8rI.c) (equation 4), 
with J, = urz, one can express bro as 


1/2 
(7. 54) bro = (7) = gll2a—ti2 


where the y of equation (29), y = B./w., has been used. This equa- 
tion will be used later. 

The Hamiltonian for the diatomic molecule may be written (compare 
equation 2. 32) as 


__! f,2 tg 2( aor 
(7. 55) H = (+ 28, tome tot 1 — b+ Lo) 


where 


2 
(7. 56) I(t) =I, (1 + £) . eae 
0 


The integration of the exponential of minus the Hamiltonian divided 
by kT must be made over the three coordinates ¢, 8, and &, and over the 
three momenta conjugate to these coordinates, py, ps, and p,. The 
limits of integration are plus infinity and minus infinity for the three 
momenta, and these limits may also be used for & The limits are 0 
to r for 8, and 0 to 2x for ¢. The expression for Q;, corrected by division 
with h?, to obtain the dimensionless quantity consistent with the 
quantum-mechanical equations, is then 


(7. 57) 
1 +00 rT 2Qr CO co co 
a=5f ; J J f . f ; f _ eM de dodédpedpad 


in which equation (55) must be substituted for H (p,q). 
Integration over each of the three momenta is of the type 


+00 
f e-* dx = (x/a)'!?, so that three products of this type are intro- 
— 0 


duced into Q. The angular coordinate ¢@ does not occur in the Ham- 
iltonian, so that integration from 0 to 2m just gives 2 as a product. 
From the integration over p, one obtains (27I (¢)kT)*/? sin 6, and since 


f sin 6 d@ = 2, subsequent integration over the coordinate 6 yields 2. 


0 
The integration over & remains to be performed, so that one obtains 
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1 +00 
(7. 58) = 5 al. (Qed (—)KT)*!? - (QaI(E)KT)'!? « (QxpkT)'? 


Dap Dog a/ BRT IAL BEL (7/12)02071 pp 


This may be shortened by using (56) for Z(£) and 847J,kT/h? = o,', 
equation (4). Further, since u, = hv./kT = h(a/p)'/?/2xkT, one may 
multiply and divide by (2rkT7'/a)"/?, obtaining 


(7. 58’) 


at 1/2 
Q: = i i J “(i + fy. —(a/2kT)€2{1 DE + (7/12) bE] (5 e =a) g 
i mle ro kT 


Oe Up T =o 


If, in this expression, b is taken to be zero, and the term £/rg is neg- 
lected, one may use 


a 1/2 
ee) = (=) S 


+00 
and the integral becomes f edz = r'/?, The first approximation, 
—-O 


which neglects the change of J with rotation or vibration and also 
neglects the deviations from Hooke’s Jaw, is obtained, that 
(7. 60) Qi = (cee). 

It will be found convenient to substitute the variable z, (59), for &, 
and to note that 


2kT h? Ankh? Ty a v 
7 6a eae Pa A 
Combining (59) and (61) with (54), bro = gi!?y—12 | one finds that 
2kT\1!2 
(7. 62) bE = bro (=) z= Quy tz! 1/25 
aro 
and from (59) and (61) alone, 
2kT\}!2 
(7. 63) & - (=) 2 = Quy Pytl2z, 
ro aro 


The use of (62) and (63) in (58’) leads to 
1 a 
(7. 64) Qe =a fh + athe)? 
Oclle es 
+ ena 20) tur 1/294 (7/3)2,u5 122) dz, 


The small terms of the exponential may now be expanded in powers of z, 
the expansion multiplied by the square of the term in the brackets, and 
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the whole expression carried out to terms of the first power in y/u, or 
x,-/ue. One obtains 


1 +00 
(7. 65) Q; = — f E Ay lly 12, 4 Ayu, }2? 
eT — 00 


Tou 
1/2, —1/2,3 1/2,1/2,-1 © -1\ 04 —1,6 | —2z? 
+ 22,'"u, '“2" + | 82,7" “us” — 3 Tetle 2* + 2x2.u, 2 |e * dz. 


+00 
The integral z"e*' dzis zero if nisodd. Forn = 0, 2, 4, and 6, 
~o 


it is respectively !/%, Sa!/?, 3x!/2/4, and 15r!/?/8. One obtains for Q; 
2 


(7.66) Q@=— [ += (y+ Gt!y2!? + 22.) | 


CO elle 


The logarithm is, as usual, developed, In (1 + 2) = x — -+-+, when x is 
small, so that 


(7. 67) InQ; = —Ino, — Inu, + up! (Qy + Gal /*y!/2 + 27,). 


The equivalent quantum-mechanical expression is the In Qyin of 
equation (40), which has to be developed in a power scries of « for com- 
parison. The same result may be obtained directly by taking the nega- 
tive of the equations for the free energy F, and dividing by RT, using the 
sum of the expanded forms given in (15), (20), and (46) for the rota- 
tional, vibrational, and interaction contributions, respectively. Neg- 
lecting terms of higher than the first negative power of 7, one obtains 


(7. 68) In Q; (quantum mechanical) = —Ino + : —Inu 
a 5 4 oul (Qy + 6rl/2yl/2 4 On) + (By — Ball2yl/2 — aa) 
+ 5 (= 37 + B2t!?y1!? + 52, 


In this expression, however, o and u are obtained from the moment of 
inertia in the lowest vibrational level, and from the difference in energy 
of the lowest and first excited vibrational level, respectively, so that 


(7. 69) o = oe(1 — 35) = o,(1 — 3ax1/?y1/2 4 8y), 
from (33) and (30), and 
(7. 70) u = u-(1 — 22) 


from (32). 
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The quantum-mechanical expression (68) also differs from the classi- 
cal expression (67) in that the zero of energy is differently chosen. The 
energy €9o of the lowest quantum-mechanical state is kT (3u. — 42,1.) 
higher than the lowest potential energy of the molecule, so that the 
quantum-mechanical In Q; is expected to be greater than the classical 
expression of (67) by ue — 42-Ue, as has been discussed in section 7c. 

Using (69) and (70) in (68), expanding In (1 — 46) and In (1 — 2z), 
and using ¢ = wy, one obtains 


(7. 71) In Q; (quantum mechanical) = — Ino, — Inu, 
+ us (Qy + Gatl?yt!? + 2) + A + E(— dy + allyl? + 2) — 


in which the small difference between x and x, has been neglected. 

Except for the expected term €99/k7, the only difference between (67) 
and (71) is in the small terms proportional to u and therefore to the 
reciprocal of the temperature. Terms proportional to higher inverse 
powers of 7’ have been neglected in the quantum-mechanical expression; 
the largest of these was —u?/24, (20). 

It is quite usual to find that the difference between the quantum- 
mechanical and classical expressions for In Q is only in terms proportional 
to the second or higher inverse power of T. In the above example it can 
be seen that the small terms proportional to 7? arise from a combination 
of quantum corrections proportional to T~? and interaction terms 
proportional to T. 

Returning to an examination of the classical expression (67), since 
go, and u, are both proportional to 7”, one obtains for the contribution 
E; to the energy, and C; to the heat capacity, 


(7. 72) E, = RT i 7 In Qi 


Mea) + u}(Qy + 6allPyt/2 4. 27,)], 


d ig a ae 
=k, eos 


= R[2 + Qu" (Qy + 6a)/?y1/2 + Qx,)]. 


Both internal energy and internal heat capacity have the classical 
values 2RT and 2R, respectively, calculated in section 6f for a diatomic 
molecule, plus an additional correction term proportional to T? and T, 
respectively, which arises from the interaction between rotation and 
vibration, and from the deviation from the Hooke’s law equation for the 
potential energy assumed in section 6j. 
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7f. Molecules Composed of Two Identical Atoms 

It was remarked at the end of section 7a that, if the two atoms of a 
diatomic molccule are identical and have no nuclear spin, only half of 
the rotational levels are allowed quantum levels of the molecule. For 
non-zero nuclear spin every second rotational level is allowed for a given 
mutual orientation of the spin. In section 7b the partition function of 
rotation for the occurrence of only odd and only even j’s was calculated, 
along with the case that all rotational levels were allowed. 

It was found that, at high temperatures, the partition function for 
only odd j’s is equal to that for only even j’s, and to half the partition 
function for all j’s. The effect is that, at high temperatures, the energy, 
(16), and heat capacity, (18), is the same for all three cases, but the mole- 
cule with only half of the levels allowed has a lower entropy, (17), by 
—R |n 2, and consequently a higher free energy, (15), by RT In 2, than 
the molecule with all levels allowed. 

The reason for the prohibition of the even or odd j levels is that the 
wave functions of rotation are alternately symmetrical and antisym- 
metrical with respect to exchange of the nuclei, for even and odd j’s. 
If the two atoms are identical, only wave functions which have a definite 
symmetry character with respect to this exchange occur in nature, so 
that only odd, or only even, rotational levels can actually exist. The 
complete consideration of the details of the selection is somewhat compli- 
cated by the role of the nuclear spin and will be discussed at greater 
length in fine print at the end of this section. 

One analogy may be found enlightening. The necessity of using only 
symmetric (Kinstein-Bose) or only antisymmetric (Fermi-Dirac) wave 
functions resulted in reducing the total number of quantum states of a 
system of independent particles, from the number mathematically 
possible with distinguishable particles, by an amount that was practically 
equivalent to division by N ! if the particles were identical and the num- 
ber of particles per cell was small. The effect of having two identical 
atoms in a diatomic molecule is to reduce the number of quantum states 
in a large range of j levels, by 2 !, or to one-half the number of states in 
a molecule with distinguishable atoms. 

This had already been proved classically by Ehrenfest and Trkal.* 
As we have frequently mentioned, the classical phase volume is to be 
measured in such a way that points which differ only in a permutation of 
the identical atoms are counted once only. It is seen, then, that a 
rotation of a molecule consisting of two identical atoms by an angle 
around the center of mass corresponds exactly to such a permutation. 
The two points of phase space differing only in such a rotation should 


* Ehrenfest and Trkal, Proc. Sect. Sci. Amsterdam, 28, 169 (1920). 
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then be counted as only one point. In this way, of the possible range of 
values of the orientation angles, only one-half lead to intrinsically differ- 
ent configurations of the molecule; the phase volume is therefore cut in 
half, and the entropy, S = k In W, contains the additive term —k In 2 
per molecule, duc to the fundamental identity of the atoms. 

To express the same statement differently, the phase volume W to be 
used in the equation S = k ln W must be calculated by using numbered 
particles, and then subsequently dividing by the factorials of the numbers 
of identical particles, if the entropy S is to be an extensive property of 
the system. 

A diatomic gas, Ag, containing N identical molecules, each com- 
posed of two identical atoms, actually consists of 2N identical atoms of 
the element. ‘The phase space of such a system must be divided by 
2N toy DYNAN ON, 

This gas must be compared with a gas AB containing N identical 
molecules each consisting of two distinguishable atoms of types A and B, 
respectively. The molecules, however, will be assumed to have the 
same mechanical properties, mass, frequency, and moment of inertia, as 
in the first gas. The actual phase space calculated with numbered atoms 
will be different from that of the former gas, and indeed smaller by the 
factor 2-%. This is seen from the fact that in gas A> with all atoms 
identical any atom can combine with any other atom, leading to 2N !/ 
QNN1 = 2YN%Ne- different possible molecules if the atoms were 
numbered. In the gas AB only molecules in which atoms of type A are 
combined with atoms of type B are presumed to be present so that 
N!=N%e™ different molecules of numbered atoms are present. 
However, this phase space calculated with numbered atoms is to be 
divided now, not by 2N ! as formerly, but by N,! N,!=N!? = 
N*%e-2" The total phase volume W, corrected by division with the 
factorials, will be less in the gas Az by the factor 2” than in the gas AB 
of the distinguishable atoms. The entropy S = k In W will be less by 
the additive —# In 2 per mole for an elementary diatomic gas than for a 
mechanically similar compound. 

That this difference between identical and distinguishable atoms in 
one molecule is a necessary consequence of the division of the phase 
space of a monatomic gas by N!, and not merely an unnccessary, 
although logical, extension of the idea, is shown by the following con- 
sideration. Suppose that we calculate S at different energies classically, 
for the element consisting of 2N identical atoms. At very high energies 
this system will actually be completely dissociated into a monatomic gas 
of 2N mechanically (almost) independent atoms, and our convention 
demands division by 2N !. At lower energies there is obviously no dis- 
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continuous change in the properties of the system which would allow us 
to change this convention. At low energies, however, if the mechanical 
properties of the atoms are such as to form diatomic molecules, this will 
actually take place, and the system will exist as a diatomic gas of N 
molecules. 

It is necessary classically to make the division by the factorials of the 
numbers of identical particles in the system consistently, whether all 
the particles are independent or not, in order to calculate correctly the 
equilibria between dissociated and undissociated molecules. 

Quantum-mechanical rules for the selection of only symmetrical or 
only antisymmetrical wave functions lead to the result that, if nuclear 
spin is absent, only odd or only even j’s can occur in a diatomic element, 
with resulting decrease in S by the term —R In 2. 

In diatomic elements with nuclear spin the same result is obtained at 
high temperatures, but in a more complicated manner. If the nucleus 
has spin s, there exist (2s, + 1)” possible orientations of the two 
nuclei in the molecule. Then both odd and even j’s occur, but with any 
given mutual spin orientation of the two atoms, only odd or only even j 
values are allowed. The total number of states, in a large range of j’s, is 
then exactly half of (2s, + 1)? times the number which would be pres- 
ent if the atoms were not identical, and no spin were present. At high 
temperatures, where a range of j values can be regarded as having con- 
stant e/k7', the entropy of a diatomic clement has an additive contribu- 
tion 2R In (2s, + 1) per mole, due to nuclear spin, and —R ln 2 per 
molecule to the symmetry. It was stated in section 6g that the entropy 
of nuclear spin cancels in all reactions and will always be neglected. 


Let us consider a molecule made up of two identical atoms, that is, atoms 
which are both the same isotope of one element. The formula for the construc- 
tion of the allowed wave functions for this molecule is first to label the nuclei 
of the atoms as if they were distinguishable, and then to pick only those func- 
tions which have the correct symmetry character with respect to exchange of 
the two nuclei. If the number of elementary particles in the nucleus is even, 
the mass number, or integral atomic weight, will be even, since the particles 
composing the nucleus are protons and neutrons of unit mass, and in this case 
the correct symmetry character is that the wave function be symmetric, that 
is, be not altered by an exchange of the two nuclei. If the mass number is odd, 
the number of elementary constituents of the nucleus is odd, and the correct 
wave functions are antisymmetric, that is, they are altered by only a change of 
sign if the two nuclei are exchanged. 

In first approximation the wave function can be considered to be a product 
of the functions of the coordinate of the center of mass, the vibrational func- 
tion, the electronic function, the rotational function, and the nuclear spin func- 
tion. The exact wave function may have a somewhat different form and slightly 
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different energy from this simple product, but no perturbation which may have 
been neglected could change its symmetry character, so that one is justified in 
using this product to pick the symmetrical or antisymmetrical functions. 

The coordinates of the center of mass of the molecule are unchanged by a 
permutation of the two identical nuclei of identical masses, so the wave function 
of these coordinates must also be unchanged, or completely symmetric, in such 
an exchange. The vibrational coordinate é is defined as the difference between 
the distance apart of the nuclei and their equilibrium distance. This coordinate 
is also unaffected by exchange of the nuclei. The vibrational wave function is 
consequently symmetrical. The electronic wave function of the lowest level is 
already antisymmetric in all permutations of electrons, but may be either sym- 
metric or antisymmetric in exchange of the nuclei. The type of electronic 
function that makes up the most stable level of almost all diatomic molecules is 
symmetric with respect to nuclear exchanges. In order to fix the conditions let 
us assume this to be so for the molecule we are considering. 

Each of the three functions, translational, vibrational, and clectronic, is 
unaffected by the exchange of nuclei, so their product must also be unaffected 
by, or symmetrical with respect to, this permutation. The symmetry char- 
acter of the complete wave function will be that of the product of the rotational 
and the nuclear spin functions. The product of two symmetrical functions is 
obviously symmetric, and that of an antisymmetric function with a symmetric 
one is antisymmetric, whereas the product of two antisymmetric functions is 
multiplied by (—1)* and is unchanged, symmetric, by the permutation of the 
nuclei. 

The rotational function is a function of two angles, 6 and @, defined in sec- 
tion 2b as the angles which the axis from one of the atoms to the other makes 
with the z axis, and the angle which the projection of this axis on the zy plane 
makes with the z axis. An exchange of the two atoms reverses the direction of 
the axis and of the projection, changing the value of 6 to r — @, and changing 
@?to¢dg+ 7. 

It is now necessary to examine the solution of rotational wave equation to 
ascertain what happens to the function if in every place that @ appears one 
substitutes + — 0, and in every place that @ appears one substitutes @ + 7. 
The wave function is a product of a function of 8 multiplied by one of @. The 
6 function is a product of a power of sin @ and a polynomial of cos @ of order 
j — m containing only odd, or only even, powers of cos #, depending on whether 
j — m is odd or even, respectively. The quantum number m is the number 
which gives the orientation of the total angular momentum j along the z axis. 
The function of @ is e*. The function sin @ is unchanged by replacing 0 
with «+ — @; cos 6 changes sign in this operation. 

The polynomial in cos @ is multiplied by (—1)/"™ by the replacement of @ 
with + — 6, and e™* is multiplied by e™ = (—1)™ upon replacing ¢@ with 
@+ 7. The total wave function is multiplied by (—1)/-™(—1)™ = (—1) if 
the nuclei are permuted; that is, functions of even j are symmetric, and those 
of odd j are antisymmetric, with respect to the exchange of the nuclei. 

The next task is to examine the symmetry characters of the nuclear spin 
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functions. If the magnitude of the spin (in units h/27) is s,, then each atom 
may have any of 2s, + 1 spin functions. Let us designate these functions by 
a; or by a;, where 7 and j run from 1 to 2s, + 1. If atom a has spin function 
Gia, and b has the function a, then the spin function of the molecule will be 
QjaQ,5, or some linear combination of this with the permuted function ajay 
(section 2k). The symmetric linear combination is a0;5 + Qa, and such 
a combination will always be possible. The antisymmetric function 1s 
Aig, — Aa», but this function is zero if + = 7. 

There are s,(2s, + 1) choices of 7 and j such that 7 * j, and for each of 
these one symmetric and one antisymmetric function can be constructed. 
There are (2s, + 1) values of 7 = j which can be chosen, and for these only a 
symmetric function can be constructed. Out of the total of (2s, + 1)? fune- 
tions, then, there can be constructed (s, + 1)(2s, + 1) symmetric functions and 
s,(2s, + 1) antisymmetric ones, with respect to the permutation of the nuclei. 

If one considers first the simple case that s, = 0, so that only one spin func- 
tion exists for each atom, and consequently only one for the molecule, this 
single function is symmetric. If the mass number of the nucleus is even the 
total wave function must be symmetric, and with a symmetric electronic func- 
tion only symmetric rotational functions will be allowed, that is, only even 
values of j will be present. If the mass number is odd,* with symmetric elec- 
tronic function, only odd j values will lead to the allowed antisymmetric total 
wave function of the molecule. With antisymmetrical electronic function, the 
situation would be reversed, and odd j’s would appear with even-mass-number, 
and even j’s with odd-mass-number elements. 

In either case only half of the rotational levels would be permitted, and we 
have seen in section 7b that this results, at high temperatures, in an entropy 
lower by —F# 1n 2 per mole than if all j’s were allowed. 

If the spin magnitude s, is not zero, both even and odd j levels will occur, 
but with different degeneracies, that is, with different statistical weights. With 
given electronic symmetry character, and given mass number, the odd j values 
can occur only with a certain specified nuclear spin symmetry character, and 
even j’s with the other. The degeneracy of one of the sets of j levels will be 
increased by the factor (s, + 1)(2s, + 1), and the degeneracy of the levels of 
the other set by s,(2s, + 1). 

On the average, then, out of range of many j levels the number of states 1s 
4(2s, + 1)? fold greater than for a molecule with all j levels filled and without 
nuclear spin. This will result in an entropy term, at high temperatures, of 
2R In (2s, + 1) — Rln2permole. The first of these terms is the R In (2s, + 1) 
per gram atom of element due to nuclear spin which is present in all compounds 
and in the monatomic gas of the element. The second of the terms, —£ In 2, 
is the usual term due to the symmetry of the diatomic molecule with the two 
identical atoms. 


With nuclear spin, or without it, one always finds that the entropy 
of a diatomic gas at high temperatures is —F In 2 smaller if the two 


* Odd-mass-number nuclei never have zero spin. 
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atoms composing a molecule are identical than if they are distinguish- 
able. 

At low temperatures transitions from symmetrical to antisymmetrical 
spin states arc extremely slow. This is not so much due to any resist- 
ance which the nucleus offers to a force tending to reorient it, but rather 
to the fact that it is too slippery to be attacked by a force. The only 
force which tends to orient the spins is a magnetic one, and that acts 
but weakly. Normal collisions with other molecules, except strongly 
paramagnetic ones, have no effect. 

At high temperatures the equilibrium is such that the ratio of the num- 
ber of molecules with symmetrical spin functions to the number with 
antisymmetrical functions is the ratio of the numbers of the functions, 
namely, (S, + 1)/s,. As the temperature is lowered this ratio remains 
constant if no catalyst for the transitions is present. 

The gas then behaves like a mixture of two kinds of molecules with 
fixed ratios of numbers, one kind of which exists only in odd, and the 
other kind only in even, rotational levels. 

In hydrogen this phenomenon is marked. The moment of inertia is 
small, and the energy separation of the rotational levels is consequently 
great. The boiling point of hydrogen is extremely low, so that the gas 
can be obtained experimentally at very low temperatures. At the boil- 
ing point the temperature is sufficiently low compared to the energy of 
separation of the rotational levels that the rotation is almost completely 
‘frozen ”’? and that the specific heat is almost exactly that of a mona- 
tomic gas. 

The hydrogen nucleus has a spin of one-half. There exist three sym- 
metric spin functions, (s, + 1)(2s, + 1), corresponding to the three 
orientations of a total vector of unity made up of the two half-vectors 
pointing in the same direction. Only one antisymmetric function exists, 
S,(2S, + 1), for which the two nuclear spins are oppositely oriented with 
a resultant of zero. The total number of functions is four, which is 
just (2s, + 1)*. The symmetric functions form what is called ortho- 
hydrogen (probably because the spins are parallel), and the antisym- 
metric spins form what is called para-hydrogen. 

At high temperatures one-fourth of the molecules exist as para-, and 
three-fourths as ortho-hydrogen. If hydrogen is cooled in the absence 
of a catalyst for the conversion, the relative numbers of the two kinds of 
molecules remain constant. 

The total wave function of hydrogen must be antisymmetric (change 
sign) with respect to the exchange of nuclei, which consist of one ele- 
mentary proton. The para-hydrogen, with antisymmetrical spin func- 
tion, can exist only in the rotational levels of even j values which have 
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symmetrical wave functions, in order that the product of the functions 
shall be antisymmetric. The ortho-hydrogen is similarly limited to the 
odd j’s. 

The behavior of hydrogen will be that of a mixture of the two kinds of 
molecules in the number ratio three to one, the more abundant ortho- 
hydrogen having only odd j’s with the lowest level of j = 1, the less 
abundant para molecules having only even j’s. The lowest energy 
which this inhibited system could attain is 2Npo times the energy of the 
rotational level j = 1. 

The degeneracy of the lowest level of ortho-hydrogen, j = 1, is three, 
due to the nuclear spin states, multiplied by three for the 2j + 1 differ- 
ent orientations of the j vector, or nine inall. The entropy of a mole of 
ortho-hydrogen in the lowest internal level is & In 9 plus the entropy of a 
monatomic gas. The total entropy of a mole of “ inhibited ” hydrogen 
at a temperature where the specific heat is that of a monatomic gas will 
be greater than that of a monatomic gas of the same molecular weight by 
the entropy of three-fourths of a mole of ortho-hydrogen, $F In 9, plus 
the entropy #2 In $ + 42 In 4 of mixing of {Ny molecules of ortho gas 
with +No molecules of para gas (section 6h). This adds up to # In 
4+ #2 In3. 

If a catalyst which is capable either of dissociating the molecules on 
its surface, and consequently permitting their recombination in the 
lower energy form, or by its magnetic properties of reorienting the 
nuclear spins, is introduced into the low-temperature gas, the inhibition 
against transitions between ortho and para gas is removed. The mole- 
cules will all tend to attain the single low-energy state in which the spins 
are anti-parallel, and the rotational quantum number j is zero. This 
para-hydrogen has zero energy and zero entropy at the absolute zero. 


CHAPTER 8 
POLYATOMIC GASES 


(a) Introduction. (b) The Number of Degrees of Freedom. (c) Vibra- 
tional Contributions. (d) Rotation. (e) The Symmetry Number. 


8a. Introduction 

The purely statistical part of the problem of calculating the thermo- 
dynamic functions of a gas composed of polyatomic molecules is not 
difficult to solve. The mechanical problem of interpreting the spectral 
data, Raman, infra-red, or ultra-violet, in such a way as to learn the 
mechanical constitution of the molecule, however, is usually rather 
difficult. Until this is solved for a particular molecule, the methods 
of statistics cannot be applied to the gas. 

It is usual to assume that the potential energy, which depends only 
on the distances between the atoms, has a single minimum at one par- 
ticular geometrical relative configuration of the individual atoms, and 
that any displacement from this configuration results in an increase in 
potential energy. 

If two essentially different minima occur, as often happens with com- 
plicated organic molecules, these two minima usually correspond to 
different molecular species which are structural isomers. An illustra- 
tion is encountered in butane, C4H1y, which may exist as normal butane, 
CH3;CH,CH2CHs, or as isobutane, (CH3)3;CH. These two configura- 
tions of the atoms correspond to distinctly different ehemical compounds, 
and will be treated as such, so that configurations in the neighborhood 
of one of the minima only would be considered in making calculations 
for one of these compounds. If various minima exist, they may have 
almost the same energy, as in normal and isobutane of the above ex- 
ample, or they may have entirely different energies. If the two minima 
correspond to two optical antipodes, which differ only in the sense that 
the right and left hand differ, the energies of the two minima are iden- 
tical. 

In any event, the chemical problem of finding the properties of a 
system composed of one structural isomer alone finds its statistical 
analogy in determining the properties of a system which 1s inhibited to 
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that part of the phase space, or to those quantum states, corresponding 
to the neighborhood of one of the potential minima alone. 

However, the total energy of the system may be so high that such 
transitions do actually occur at an appreciable rate. One may then use 
the method of Chapter 9 for an equilibrium mixture of gases capable 
of undergoing a chemical reaction. 

A third condition is sometimes met, namely, one in which the height 
of the potential hill separating the minima is low compared with the 
average energy of the molecules. Then the quantum states of the 
molecules, and indeed those which are populated by the majority of 
the molecules under the conditions considered, cannot be said to belong 
to either one of the minima alone. ‘The method of treating the equilib- 
rium mixture of two isomers as a reaction equilibrium, in which the free 
energies of the isomers can be individually calculated, implies that all 
those quantum states of the molecules which are thickly populated can 
be said to belong to one and one only of the various isomers. Whether 
this is true or not will usually depend on the total energy, or tempera- 
ture, of the system. However, it may well happen that even the lowest 
energy level of the molecule, which has the half-quantum of vibrational 
energy, may have a higher energy than that necessary to surmount the 
potential hill between two neighboring minima. 

In such a case it is at once obvious that the two structural isomers 
could never be separated chemically. Many examples are known in 
which the separation of conceivable isomers has never succeeded, al- 
though obviously the experiments have never been conducted at the 
absolute zero of temperature. For instance, the organic chemist says 
that there is free rotation around the carbon-carbon bond in the sub- 
stituted ethanes, XYZC—CXYZ. There are, presumably, three minima 
in such a compound, differing by a 120-degree mutual rotation of the 
two —CXYZ groups about the axis of the C—C bond. The evidence 
of organic chemistry indicates that even below room tempcrature there 
are rapid transitions between these minima. It is then doubtful that 
the quantum states of the molecule which are populated at room tem- 
perature can all be said to belong definitely to one or the other of these 
three minima. One must expect that the determination of the energies 
of the quantum levels of such a molecule will be a problem of con- 
siderable complexity. 

Another distinction between different isomers and isomers which are 
to be treated as identical must be clearly understood. If the four 
tetrahedral hydrogens of the methane molecule, CH4, were different 
and distinguishable, two different minima would be found, as evidenced 
by the existence of two optical antipodes of CCIBrIH, in which three 
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of the hydrogens have been replaced by different atoms. These two 
minima in CHg,, however, are indistinguishable because of the identity 
of the hydrogen atoms. 

In evaluating the classical phase space available to a molecule of 
methane below a certain energy one must double the phase space avail- 
able in the neighborhood of one of these minima. This must, however, 
be divided by 4! = 24, the factorial of the number of identical atoms. 
The total phase space available to the molecule with a certain energy 
must then be calculated by dividing that in the neighborhood of one 
of the minima by 12. This 12 is the symmetry number, y, of the 
methane molecule, defined as the number of ways in which the molecule 
can be oriented without changing its potential energy in the orientation 
process, that is, by pure rotation, so as to obtain identical appearing 
configurations. 

Stated differently, the classical phase space available to a molecule 
must be divided by the product of the factorials of all the numbers of 
identical atoms. Each one of these Mn; ! exchanges of atoms would 

t 


lead to a different configuration of the molecule if all the atoms were 
numbered. We must, therefore, count the phase space available to one 
of these configurations only. If y of these configurations can be con- 
verted into cach other by rotation alone, then integration over all 
orientation angles calculates the phase space of y configurations and 
must be divided by y before use in the thermodynamic equations. 

We shall, then, discuss first the methods of caleulating the thermo- 
dynamic properties of a molecule in which it 1s assumed that all com- 
plications are absent, and later discuss in more detail the corrections 
due to symmetry in the molecule, and the cases in which the simplifying 
assumptions which have been made are unjustified. 


8b. The Number of Degrees of Freedom 

The number of degrees of freedom of a polyatomic molecule has 
already been discussed in section 6}. Most polyatomic molecules are 
stable only at relatively low temperatures (below 1000°K.), and for- 
tunately the greater number of those which are chemically important 
have a single lowest electronic state with no excited level of energy so 
low that it is appreciably excited at these temperatures. 

The configuration and motion of the molecule can then be described 
by the 3n Cartesian coordinates, and 3n conjugated momenta of the 
n atoms composing the molecule. The molecule has 3n degrees of 
freedom. One may transform to new coordinates, which must, how- 


ever, be 37 in number. 
Three of the new coordinates will naturally be chosen as the Cartesian 
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coordinates of the center of mass of the molecule, defined by 


Lmr; 


(8. 1) xX = Em, , ete., 


where x; is the zx coordinate, and m; the mass, of the 7th atom. The 
wave function of the coordinates of the center of mass will be that of a 
free particle with mass equal to the sum of the masses of the atoms. 
These coordinates will then contribute additive terms to the thermo- 
dynamic functions of the gas equal to those of a monatomic gas of this 
mass. 

Of the 3n — 3 internal coordinates either two or three angles can be 
chosen which determine the orientation of the rigid frame of the atoms 
with their mutual distances fixed in the position of minimum potential 
energy. The potential energy does not depend on these angles. ‘Two 
angles will be sufficient if this minimum corresponds to a linear molecule 
with all the atoms in a straight line. Three angles will be needed if the 
potential minimum corresponds to a non-linear figure. 

If the molecule is linear, as the diatomic molecule, one can assume as 
a first approximation that the single moment of inertia is constant, and 
the variables in the Hamiltonian will be separable. One obtains an 
additive contribution from the rotational quantum number j to the 
energy of each quantum state, and corresponding additive contributions 
to the thermodynamic functions. These will be the same as the rota- 
tional contributions to a gas of diatomic molecules with the same 
value of the moment of inertia J. The moment of inertia of the poly- 
atomic linear molecule is given by 


=n 


(8. 2) TI = ¥ m,2z?, 
i=l 


where 7; 18 the distance of the 7th atom of mass m,; from the center of 
mass, so that 2im,z; = 0. 


If the molecule is non-linear, one can assume, as a first approximation 
at least, that the moments of inertia will be fixed as those corresponding 
to the position of the minimum of potential energy. The Hamiltonian 
will again be separable, and the three angles will make additive con- 
tributions to the energies of the quantum levels of the molecule and to the 
thermodynamic properties of the gas. These calculations will be carried 
out in section 8d. 

The potential energy of the molecule depends only on the remaining 
coordinates of the molecule which are called the vibrational coordinates. 
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8c. Vibrational Contributions 

There remain f, = 3n — 6 or 3n — 5 degrees of freedom in non-linear 
and linear molecules, respectively. That is, there are f, coordinates, 
q:, and the potential energy can be expected to depend, at least to some 
extent, on all of them. These coordinates can be so chosen that zero 
value of all of them corresponds to the position of minimum potential, 
which will be assigned the energy zero. These coordinates then rep- 
resent displacements of the figure from the position of equilibrium. 

If the total potential energy U of the molecule is developed as a power 
series in the coordinates q;, the condition that U = 0 when all the q;,’s 
are zero requires that the constant term in the development he absent. 
The condition that this energy be a minimum, i.e., 0U/dq; = 0 for all 
q.’s when all q,’s are zero, requires that the power series begin with the 
quadratic terms, that is, that all hnear terms are zero. The cubic and 
higher-order terms will be smaller than the quadratic at sufficiently 
small displacements from the equilibrium position, at small values of the 
q's. Asa first approximation they may be neglected, so that the poten- 
tial can be written as a sum of terms, each of which is quadratic in the 
q;’s, but among which there will, in general, occur cross-product terms 
of the type @,9;. 

It is a mathematical theorem that, whatever the values of the force 
constants (the coefficients of the various terms) and whatever the values 
of the reduced masses (one-half the inverse of the coefficients of the 
terms p? in the kinetic energy), one can always transform to new 
‘“‘ normal coordinates ”’ q, such that, with their conjugated momenta py, 
the Hamiltonian has the form 


=Su ay 2 =f, 1 2 
(8. 3) Hu(mr~r) = go + > 55, Pa: 
A=1 A=1 SHY 


In this equation the essential simplification which has been reached is 
the elimination of the second-order cross-product terms of the type q:q; 
in the potential energy (without the introduction of cross products p;p; 
in the kinetic energy). The ay’s are the generalized force constants, and 
the y,’s the generalized reduced masses. (By a linear change of scale 
the coordinates are often so determined that the reduced masses are 
all unity.) 

The third-order terms in the potential, if included in the above equa- 
tion, would, unfortunately, contain cross products. Their neglect is 
justified only if they are negligible compared with the quadratic terms 
for such displacements gq, that the quadratic terms (a,/2)q% are of the 
order of magnitude of kT’. 

If the third-order terms are neglected, the Hamiltonian is separable, 
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that is, it consists of a sum of terms each depending on one only of the 
f, coordinates with its conjugated momentum. The wave function is 
a product, and the energies of the quantum states a sum of terms, each 
depending on the one quantum number vy associated with the normal 
coordinate g,. The additive part of the Hamiltonian for each coor- 
dinate with its conjugated momentum is exactly the Hamiltonian of the 
harmonic oscillator with the foree constant a, and the mass p,. The 
solution in classical, or in quantum mechanics consists then of inde- 
pendent harmonic vibrations of the system along all of the normal 
coordinates, each with its own frequency v, = (1/21) (a,/u,)1/?. The 
contribution of each coordinate to the energy of a quantum state of the 
molecule will be, as for the vibration of a diatomic molecule, « = 
(vy, + 3)hn. 

The partition function Q is then a product, and InQ a sum, of f, 
terms, each of the same type as the Q, and In Q, calculated for the 
diatomic molecule in section 7c, in which the frequency », must be used 
in the term Q) or In Q). 

The analysis of the motion of the molecule as harmonic oscillation 
along the normal coordinates is essentially aformal one. It has no more, 
but also no less, physical significance than the arbitrary analysis of a 
wave as a Fourier sum or integral of sine and cosine waves. In the 
case of white light the spectrograph makes a physical analysis of the 
wave which is exactly that of the formal mathematical analysis into a 
Fourier integral. So also certain experiments analyze the motion of a 
large-scale model of a molecule, which obeys the classical laws, into 
harmonic vibration along the normal coordinates. 

If such a model is distorted from its equilibrium shape, and then 
released, the rather complicated motion which ensues may be analyzed 
in the formal manner described as harmonic vibration along the normal 
coordinates. If the original displacement were such that only one, q:, 
of the normal coordinates q, were different from zero, and if the cubic 
interaction terms were really zero, the subsequent motion would actually 
be true harmonic vibration along this coordinate, g,, with the fre- 
quency yy, all the other coordinates remaining zero during the motion. 

If such a model is shaken with a variable frequency, say by an electric 
motor, the amplitude of the motion of the molecule will be small at most 
frequencies. If, however, the frequency of the shaking becomes that of 
one of the normal coordinates, the amplitude will increase markedly 
and the molecule will vibrate along that coordinate.* 

In Fig. 8.1, the directions of the motion given by displacements along 

* C. F. Kettering, L. W. Shutts, and D. H. Andrews, Phys. Rev., 36, 531 (1930); 
D. E. Teets and D. H. Andrews, J. Chem. Phys., 3, 175 (1935). 
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the normal coordinates are shown for some of the simpler types of mole- 
cules. The exact angles of the displacements will depend on the 
numerical values of the forces and of the masses, but certain of the 
characteristics of the motion can be deduced from considcrations of the 
symmetry of the molecule alone. These considerations are of prime 
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importance in the case of such a relatively complicated, but extremely 
symmetrical, molecule as benzene, CgHg.f The most useful tool for 
these considerations is the mathematical theory of groups. 

In general if the molecule has some degree of symmetry, not all the 
f, frequencies, v), will have different numerical values, but there may be 
several of the normal coordinates for which the frequencies will be 
necessarily identical. In this case it is also true that the choice of the 
normal coordinates will not be unique, since any linear combination of 
two coordinates with the same frequency will also be a normal coor- 
dinate of the system. However, the number of normal coordinates, 
and therefore the number of terms In Q, which enter into the thermo- 
dynamic functions, is uniquely fixed. 

* The order of frequencies depends on the masses and binding. That of the upper 


two is, for instance, reversed in COs. 
t E. B. Wilson, Jr., Phys. Rev., 45, 706 (1934). 
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In such a case the coordinates of identical frequencies are said to be 
degenerate, and two or more In Q) terms enter into the thermodynamic 
expressions with the same frequencies. 

The numerical values of the frequencies are always obtained from an 
analysis of the spectrum of the molecule. They may be observed in the 
infra-red, the Raman, or the visible or ultra-violet spectrum of the gas. 

If the molecule is completely unsymmetrical all f,, frequencies will be 
essentially different, although, of course, one cannot completely rule 
out the possibility that by pure chance two of them may be very close 
to each other in value. In this case of a completely unsymmetrical 
molecule all f, frequencies wil] be, in principle at least, observable in 
any one of the ahove spectra. 

If all f,, different frequencies are actually observed, no mechanical 
analysis of the motion of the molecule is necessary. The contribution 
of the f,, degrees of freedom to the thermodynamic properties of the gas 
will be given by f, terms of the same type as the contribution due to 
vibration in a diatomic molecule, cach depending on one frequency alone. 

In a symmetrical molecule, however, certain difficulties are encoun- 
tered. The frequencies due to certain of the normal coordinates will be 
absent in one, or even conceivably in all three, of the above types of 
spectra. For instance, the first type of motion for the symmetrical 
linear triatomic molecule COg shown in Fig. 8. 1 is one in which the 
oxygens always move in opposite directions, and the carbon remains 
fixed. For this motion there is no dipole displacement of the electric 
charge, and the frequency associated with this normal coordinate will 
be absent, or at least very weak, in the infra-red spectrum of the gas. 

Even if all the different frequencies are actually observed their total 
number will often be less than f, owing to the essential degeneracies 
present in a molecule of the given symmetry. One must then ascertain 
which of the observed frequencies are to be used twice or more often in 
the thermodynamic terms. In order to do this an analysis of the 
mechanical motions of the molecule is necessary. For some of the 
simpler molecules this may be done almost intuitively; for others it is 
extremely complicated. 

For CO, a few qualitative considerations are sufficient to enable one 
to place the observed frequencies uniquely. ‘The four modes of motion 
of the four normal coordinates can be seen intuitively to be those sketched 
in Fig. 8.1. The first motion shown will not occur in the infra-red but 
will be present in the Raman spectrum of the molecule. This type of 
motion, in which the oxygen atoms move oppositely, will have a fre- 
quency between the other two (about 7.54). The second type of 
motion in which the oxygens move together should be observed in the 
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infra-red, since in this type of motion the center of gravity of the neg- 
ative charge, associated with the oxygen atoms, moves with respect 
to the center of gravity of the positive charge. This frequency will be 
missing in the Raman spectrum. This type of motion has the highest 
frequency (about 4.72). The third type of motion is degenerate, and 
it is this frequency which must be used twice in the thermodynamic 
terms. This type of motion is a bending of the molecule, and will be 
infra-red active, but Raman inactive. However, the forces resisting 
bending in a molecule are much weaker than those resisting changes 
of distance between the atoms, so that this frequency would be expected 
to be decidedly lower in value than either of the others (about 15z). 

One expects, then, for COs, to find two strong infra-red frequencies 
reported, one of which should be very considerably lower than the other. 
In the Raman spectrum one expects only one strong line, the frequency 
of which should lie between those of the two infra-red-active vibra- 
tions. The lower of the two infra-red-active frequencies is the de- 
generate onc. 

The actual situation in CO, is complicated by the occurrence of what 
is called an accidental degencracy. The frequency of the bending 
motion is almost exactly half of that of the frequency of the Raman 
active vibration, so that the two quantum levels, one in which there are 
two quanta in the bending degrees of freedom and the one in which 
there is one quantum in the stretching degree of freedom, have the same 
energy. These two levels combine, that is, they form two new levels, 
one of lower, and one of higher energy, each of which has some of the 
mechanical properties of both of the original levels.* Consequently, 
two Raman lines are observed, instead of the single line which we had 
been led to expect. The regular equal spacing of the vibrational levels 
in the energy scale is also distorted, and so for CO, one cannot expect 
that the thermodynamic properties would be correctly calculated by 
the simple equations which have been derived here. 

For the CO, molecules, as for most molecules consisting of only three 
or four atoms, simple qualitative considerations are sufficient to enable 
one to predict the type of spectral frequencies which will be found and 
to interpret any anomalies which occur. For more complicated mole- 
cules, such as benzene, a careful mathematical analysis of the mechan- 
ical problem is necessary before the observed frequencies can be utilized 
for statistical calculations. 

The usual method of attack involves first a group theoretical analysis 
of the normal coordinates, making use of the symmetry properties of the 
molecule. The number of different frequencies is determined in this 

* Enrico Fermi, Z. Physik, 71, 250 (1931). 
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manner, the degeneracy of each type of motion is found, and for each 
frequency it is detcrmined if it will be infra-red or Raman active. By 
qualitative considerations, an attempt is made to order the different 
modes of motion in order of the numerical values of their frequencies, and 
thus to associate the observed infra-red and Raman lines with the 
different normal coordinates. 

If, as in benzene, some of the frequencies are completely absent in 
both the Raman and the infra-red spectra, and are also not known from 
the electronic transition spectrum, a further numerical analysis is 
necessary. The force constants for the different normal coordinates 
may be expressed as functions of the forces between the individual 
atoms. By neglecting the forces between distant atoms, and making 
ample use of the symmetry of the molecule, the number of different 
force functions between the atoms may be reduced to equal or less than 
the number of observed frequencies. Once has then, in principle, enough 
observed data to determine all the unknown forces, and so to calculate 
numerical values for the unobserved frequencies. Needless to say, the 
operations are rather difficult.* 

In order to deduce that the contribution of the f, oscillatory coor- 
dinates to the thermodynamic function, X, of the gas was to add f,, terms 
of the type X,, calculated in section 7c, it was necessary to assume that 
the cubic terms properly present in equation (3) were negligible. It is 
obvious that for sufficiently small displacements gq, this is legitimate. 
However, the actual displacements at any temperature are approximately 
given by the relation that the quadratic term has the value kT’, so that 
the temperature range of validity can be estimated by these conditions. 
It is not always true that the approximation is justified even at room 
temperature. 

Two rather different types of deviations may occur. 

One of these is that the cubic and higher-order terms for one of the 
normal coordinates alone must be considered, but the cross-product 
terms in which the coordinate is multiplied by others may be neglected. 
In this type of deviation the Hamiltonian is still separable, but the 
energy of a quantum level due to the coordinate q; 1s not now given by 
the simple equation (v, + 4)hyv,, even for energies of about kT or less, 
but by some more complicated expression. The additive contribution 
of this coordinate to InQ@ may still be calculated as one term, inde- 
pendently of the others, but will not be given by the form of In Q, due 
to simple harmonic vibration. 

The problem is again essentially mechanical, and not statistical. If 
the actual quantum levels due to this coordinate can be found in the 


*R. C. Lord, Jr., J. Phys. Chem., 41, 149 (1937). 
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spectra then numerical summation of e~*r/*” will yield the desired value 


of Q,. If, instead, the actual form of the potential were known, or 
could be guessed with reasonable certainty, it would always be possible 
to solve for the quantum levels, if necessary, by numerical integration 
of the one-dimensional wave equation, and to find Q, by direct sum- 
mation. 

A problem of this sort which has not been completely solved arises 
in ethane, H3C—CH3. One of the normal coordinates of this molecule 
corresponds to equal and opposite rotation of the two CH3 groups about 
the axis of the C—C bond. Now two extreme cases are conceivable, and 
it is probable that the true state of affairs lies between them. One might 
assume that the three symmetrical positions of minimum potential 
energy for this coordinate are separated by such low potential hills that 
it would be possible to treat the potential energy as though it were 
independent of the value of this coordinate. The quantum-mcchanical 
solution is then easy,* and leads to the energy levels 


rh? 


(8. 4) é = 16720" 


where r is an integral quantum number, and C' is the moment of inertia 
of one of the CH3 groups about the C—C axis of the molecule. 

The other extreme would be to assume that the minima along this 
coordinate are so stecp that one can use the quadratic term in the poten- 
tial expression alone, and assume that the rotational vibrational ampli- 
tude is never great enough to leave the region near one of the minima 
where this is allowable. This is, of course, justifiable only if the poten- 
tial hills separating the minima are much higher than the value of kT. 
If this is assumed e, = (x + 5)hyy. 

One might assume that a decent approximation of the potential for 
all values of the coordinate g, would be obtained by the equation 


(8. 5) u(q,) = ZA (1 + cos 3q,). 


At q, equal to zero, 27/3, and 47/3, the cosine has the value unity and 
the potential has the maximum value of A, the top of the hill between 
the minima. At g, = 7/3, 7, and 57/3, the potential is zero; these 
are the positions of the three minima. 

The quantum levels can be calculated for this type of potential, and 
their values are obtained as a function of the unknown A.t Motion 


* J. E. Mayer, S. Brunauer, and M. Goeppert Mayer, J. Am. Chem. Soc., 65, 37 
(1933). 
+ E. Teller and K. Weigert, Nachr. Ges. Wiss. Géttingen, 218 (1933). 
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along this coordinate is neither infra-red nor Raman active, so the 
calculated levels cannot be compared with spectroscopic frequencies in 
order to determine A. The only available method to determine this 
parameter is to compare the thermodynamic properties of the gas with 
the calculated values, assuming that all the other frequencies are cor- 
rectly determined. This method of comparison is open to several 
uncertainties. 

The second type of deviation from the assumption of f,, simple har- 
monic oscillational degrees of freedom is one in which the cross-product 
cubic terms in the potential are appreciable at energies corresponding to 
the temperature for which the calculations are made. Under these 
conditions the situation becomes so complicated mechanically that it is 
doubtful that such a problem will be successfully solved in the near 
future. 

We have already encountered, in the discussion of the CO2 molecule, 
an example of the accidental degeneracy of two levels causing difficulty 
in the interpretation of the spectra. The magnitude of the energy 
splitting which arises when two levels of the molecule approach each 
other in energy, due to such an accidental numerical relationship in the 
values of the different frequencies, is dependent on the magnitude of 
the cubic and higher-order terms containing cross products between 
the qy’s. If the coefficients of these terms are identically zero the split- 
ting will be zero. 

Another difficulty which sometimes reduces the accuracy of the 
values of In Q obtained by the method outlined here is the stretching of 
the molecule in the higher vibrational and rotational levels. This 
results in a dependence of the moment of inertia on the angular momen- 
tum and on the quantum numbers of vibration. This effect was 
specifically calculated for diatomic gases in section 7d. It is impossible 
to make as gencral a calculation for all types of polyatomic molecules, 
and since the rotational spectrum is not usually analyzed, the constants 
for such an empirical formula as (7. 24) are unknown. For any par- 
ticular molecule it is always possible to ascertain the extent of the 
stretching if all the frequencies are known,* but this is usually a 
moderately involved mechanical calculation. 

It is to be expected that for such rigid molecules as CH,, or CgHg, this 
effect of lack of constancy of the moments of inertia would not be very 
important. For propane, CH3CH2CHs3, in which the carbons are not 
in a straight line, the effect may be very appreciable at room tempera- 
ture. 

It is seen that one is usually restricted to making much less accurate 


* KE. B. Wilson, Jr., J. Chem. Phys., 4, 526 (1936). 
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calculations for polyatomic than for diatomic molecules. Nevertheless, 
the methods outlined in this chapter are capable of giving rather good 
results for many molecules. 


8d. Rotation 

The rotational contribution to the partition function of a linear poly- 
atomic molecule is the same as that for a diatomic molecule with the 
same moment of inertia. The moment of inertia of the polyatomic 
molecule must be calculated by equation (2). 

The rotational spectra even of most linear polyatomic molecules have 
not been analyzed. The moment of inertia is consequently not known 
from the spectral data, and must be calculated from equation (2) using 
distances obtained from electron diffraction, X-ray, or semi-empirical 
information. The distance between definite atomic pairs with a given 
type of chemical binding appears to be remarkably constant and inde- 
pendent of the particular molecule in which the pair occurs. 

For non-linear polyatomic molecules we must calculate the partition 
function duc to the three degrees of freedom of rotation. The general 
quantum-mechanical solution for the rotational coordinates of a rigid 
body cannot be made, but, since the moments of inertia are almost 
invariably large, the quantum levels are closely spaced compared with 
the value of kT at the boiling point of the gas, and the classical approxi- 
mation may be safely used. 

The moment of inertia, A, of a body composed of n mass points of 


masses ™,,°°*, M,°**, Mp, about any axis in space is given by the 
equation 

t=n , 
(8. 6) py mr, = A, 

$= 


where 7; is the perpendicular distance of the mass point from the axis. 
If the axis passes through the center of mass of the molecule it follows 
that 


s=n 


(8. 7) > m7; = 0 
t=] 


if Ts is considered a vector. 

If the magnitudes of the moments of inertia of any rigid body about 
the various axes passing through one point in space are plotted along the 
directions of the axes, they fall on the surface of an ellipsoid with its 
center at the origin of the plot. This means that three perpendicular 
axes can be found such that the moment of inertia about one of them 
is a maximum (is larger or equal to the moment about any other axis), 
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the moment about the second is a minimum, whereas the moment 
about the third axis is in a saddle point, so that it is smaller than the 
moment of any other axis in the plane common to it and the first axis, 
and greater than that of any other axis in the plane common to it and 
the second axis. 

These three moments of inertia, about the center of mass of a mole- 
cule, are called its three principal moments of inertia, A, B, C, and the 
three axes are referred to as the principal axes of the molecule. 

If the three principal moments are all equal, as in methane, the mole- 
cule is called a spherical top, and, of course, the moments about all axes 
through the center of mass then have the same value. If two moments 
are equal, but the third has a different value, the molecule is said to be 
a symmetrical top, and then all axes in the plane of the two axes with 
equal moments have the samc moments of inertia. Benzene, ethane, 
and chloroform molccules are symmetrical tops. 


If the position of the 7th atom in Cartesian coordinates is 2;, ¥:, 2,, then 


=n t=n t=n 
L miti= Limy. = 2 mz, = 0, 
t=1 i=] i=] 


if the center of mass is taken as the origin. The moments of inertia about 
the x, y, and z axes are, respectively, 
t=n t=7n t=n 


les = >. m,(2s + yi), yy = >» m, (zis = fy x5); [,. = 2: ms (xs ais yi); 
+=] t=] i=] 


and products of inertia [,., I+2, Ty, may be defined as 
t=n 


Ty2 = 2. miy.zi, ete. 
1=1 


The three equations 

als, — 19) — Blay — yl = O 

—aly + BUy — 2) — Vy: = 

—alz, — Bly. + ¥Uzz — 4) = 0 
with e+ B+ y= 1 
can be solved for three different values of 7 which are the three principal moments 
of inertia. The corresponding values of a, 8, y are the direction cosines of the 
three principal axes. It is seen that if all the products of inertia are zero the 
z, y, and z axes are the principal axes and their moments are the principal 
moments of inertia of the molecule. 

The three Eulerian angles, 6, ¢, and y are used to describe the orien- 

tation of a rigid body in space. 


Eq. 8. 10] THE ROTATIONAL PARTITION FUNCTION 193 


If x, y, and z are taken as the three Cartesian coordinates fixed in space, and 
£. n, ¢ as the three principal (perpendicular) axes of the body, then @ is the angle 
between the body axis ¢ and the space axis z._ The line in the zy plane perpen- 
dicular to the plane common to ¢ and z is called the nodal line. The angle 
between this nodal line and the z axisis ¢. Thus 6 and ¢ completely determine 
the direction of the ¢ axis in space. The angle between the nodal line and the 
¢ axis in the body is y. This, then, completely defines the orientation of the 
whole body with fixed center of gravity. 


The angle @ may vary between 0 and 7; the two angles ¢ and y take 
all values from 0 to 27. 

The Hamiltonian of the rigid body with fixed center of gravity is Just 
the kinetic energy, written as a function of these angles and their con- 
jugated momenta, namely, 


sin? | cos W 2 
ce) QA nes sin @ sin yee ee »)} 
cos? yp sin y i 1 4 
+ 2B [Po + AE (ny — 008 0D) T 3G Pe 


This can be transformed into an expression which will be found more 
convenient for future operations, 
Hl (= y cos” ‘) 
kT 2kT\ A B 
{ 1 1 sin ¥ cos y ie 
— _ —} —_______— (p, — cos @ 
| Pe — € i) ae (mt m cos” ’) (Py — cos Pw) 
A B 
an ae ! 
2kT AB sin? 6 (= v , cos* 
A B 


(8. 9) 


— cos 64)? + = ae pi 


The partition function due to the rotation of this body 1s 
(8. 10) 


+0 +00 +00 v var 1 
Qrot. = f f f f {" ~ HOT dng dp, dp, dd dp dy. 
—0O — — a 0 “0 0 h’ 


The substitution of (9) in (10) appears to lead to a rather formidable 
integral, but direct integration in the order pg, py, py actually offers no 
difficulties. It is necessary to remember that 


+0 ; +00 : 7 1/2 
f eae +) dt = f ete = (=) ; 
—0 —0O a 
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Integration over po leads to the factor 


12 (sin? y | cos? ye : 
(2rkT) we -+- B ‘ 


Subsequent integration over p, yields 


° 2 2 1/2 
(nk TAB)"!? sin [ent 1 coe | 


as a factor, which cancels part of that obtained in the first integration. 
Integration over p, yields the factor 


(QrkTC))!2, 


Integration of sin 6 dé from 0 to x gives 2, and the other angles give each a 
factor 27, so that 


Br? AkT\ 2 (8n?BkT\'!2 (822CkT\"/? 
11) Ora = (ET) ES) ee) 
If, in conformity with the notation adopted in section 7b for the dia- 
tomic molecule, we define 


h? h? 


12 er = —_—. ¢c., 
Cay ey ee oT 
then 

1 
(8. 13) in Qp = - n——-—- 


Using equations (6. 25’) to (6. 29’) for the contribution of these three 
degrees of rotational freedom to the thermodynamic properties of the 
gas, one obtains 


1 
(8.14) Fe = —RTInQp = RT 5 In“, 
T 


d 3 1 cs 
(8. 15) Spr = Rh qT (T In Qe) = R € + 2 In —*_) ; 
(8. 16) Ep = - RT, 
3 
(8. 17) Cp = 9 & 


Eq. 8. 17] THE SYMMETRY NUMBER 195 


8e. The Symmetry Number 

Just as in symmetrical diatomic molecules consisting of two identical 
atoms, for which only half of the rotational levels occur, symmetrical 
polyatomic molecules do not have as many allowed rotational levels as 
unsymmetrical ones. 

The symmetry number y of a molecule is defined as the number of 
different valucs of the rotational coordinates which all correspond to one 
orientation of the molecule, remembering that the identical atoms are 
indistinguishable. Thus the symmetry number of a diatomic molecule 
of two identical atoms is two. The molecule COg, which is linear, 
O=C=0O, has also a symmetry number two. The symmetry number 
of tetrahedral methane is twelve, since any of the four corners of a tetra- 
hedron may be placed upright without altering its apparent orientation, 
and with each of the four corners up the three positions differing by a 
rotation of 27/3 about the vertical axis look identical. The symmetry 
number of benzene, CgHg, is also twelve, if, as is presumed, the molecule 
is a regular hexagon with all the atoms lying in one plane. With either 
side of the plane facing upwards there are six positions differing by 
rotation of integrals of +/3 about the vertical axis, all of which are 
identical if the atoms are unnumbered. 

If the molecule contains n; identical atoms of kind 1, +++ , n, of kind 2, 
then Hn; ! permutations of these atoms are possible. If the atoms were 


all distinguishable in principle these [In;! permutations would all lead 
% 
to different configurations of the molecule, but only (IIn; !)/y of these 
% 


would be different molecules, since each of the configurations could be 
transformed into y other ones by a rotation of the molecule alone. The 
number of distinct minima, A, in the potential energy diagram of such a 
molecule, all having identical energies, will be 


1 
A =—IIn;!, 
y i 


in which y is the symmetry number. 

For example, in methane there are four identical hydrogen atoms, or 
twenty-four different permutations, of which twelve can be obtained by 
rotation. The two essentially different configurations show up as the 
two optical isomers if three of the hydrogens are replaced by different 
groups. 

The classical phase space of such a molecule must be divided by 
Tn, ! (and by A‘) in order to obtain agreement with the number of 


quantum states in a certain energy interval. However, if, as is usually 
done, the phase space in the neighborhood of one of the A minima alone 
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is calculated, then this must be multiplied by A before division by 
IIn, !, which, from the equation for A, can be seen to result in a division 
4 


by the symmetry number y. As in the case of symmetrical diatomic 
molecules the classical phase space of the molecule (in the neighborhood 
of one potential minimum) must be divided by the symmetry number, 
y, in order to calculate the correct thermodynamic properties. 

The quantum-mechanical problem has the corresponding solution. 
Out of a range containing a large number of rotational levels found in 
the mathematical solution, only the fraction 1/y will have the symmetry 
character with respect to permutations of the identical atoms which is 
necessary in order to satisfy the conditions imposed by nature on the 
complete wave function of the molecule. The actual form of the 
symmetry which will be necessary in the rotational eigenfunctions, 
whether symmetrical, antisymmetrical, or even some more complicated 
character, and the actual rotational states which are allowed, will 
depend on many factors such as the mutual orientation of the nuclear 
spins, the mass number of the nuclei, and the vibrational and electronic 
level. However, at high temperatures (and for a polyatomic molecule 
all reasonable temperatures may be regarded as high) the values of the 
thermodynamic properties depend only on the average number of states 
allowed. The effect of symmetry in the molecule is always to add 
— Rk In y per mole to the entropy, and RT In y per mole to the free energy. 
The nuclear spin entropy is, as always at high temperatures, just 
R In (2s, + 1) per gram atom of clement with spin Sy. 

With certain molecules one appears to get into some difficulties with 
the symmetry number, since two differing viewpoints are possible. 
Closer inspection shows the difficulties to be easily resolvable, since 
both viewpoints, if developed systematically, lead to the same result. 
It may, however, be instructive to analyze one such molecule. 

It has already been stated in section 8a that it is questionable whether, 
for the molecule ethane, H3C—CHs3, one should regard the opposite 
mutual rotation of the CH3 groups about the axis of the C—C bond as 
completely inhibited or as partially free. If rotation about this bond is 
completely prevented, so that one calculates the distribution of the mole- 
cules in the phase space, or quantum states, in the neighborhood of one 
of the three symmetrical potential minima only, the symmetry number 
arrived at is six. This is seen by considering that rotation of the mole- 
cule as a whole about the C—C axis leads to three corresponding posi- 
tions, and rotation by 7 about an axis normal to the C—C bond leads to 
another set of three equivalent positions. 

If independent rotation of the methyl groups around the C—C axis is 
assumed the symmetry number is threefold greater, or y = 18. 


Eq. 8. 17] THE SYMMETRY OF ETHANE 197 


There are six identical hydrogen atoms and two carbon atoms in the 
molecule, so that [In;! = 6!2! = 1440. The number of different 


isomers, A (that is, different if the atoms were distinguishable), assumed in 
hindered oscillation is 1440/6 = 240, and in free rotation, one-third of 
this number, or 80. For free rotation one can count the 80 isomers as 
due to the (6 !/3!3!) = 20 different ways that one can associate three 
out of six numbered hydrogen atoms with each of the two numbered 
carbon atoms, multiplied by 4 because around each carbon the order of 
the hydrogens in a cycle may take two different values. With hindered 
mutual oscillation about the C—C bond there are three times as many 
isomers. 

That is, for ethane, onc may cither choose y = 18, A = 80, or y = 6, 
A = 240, depending on whether one counts, respectively, the total phase 
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Fig. 8. 2. Potential energy and quantum state diagram for the internal rotational 
degree of freedom in ethane. 


space with a given energy in all three of the minima positions, or one- 
third of this space in the neighborhood of only one of these positions. 
The corrected phase space, after division by the symmetry number, is 
the same in either case. 

In Fig. 8. 2 the potential energy is plotted as a function of q,, the 
angle between the projections of two specifically chosen hydrogen atoms, 
one on each carbon atom, on a plane normal to the C—C axis. The 
equation used for the potential is that already given in equation (5). 
With energy ranges below the hills separating the three minima it is 
clear that in counting the classical phase volume due to the coordinate 
it is immaterial whether one takes the coordinate range at one of the 
minima and divides by the symmetry number 6, or whether one adds all 
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three equal coordinate ranges and divides by 18. At energies higher 
than that of the hills it is obviously more natural to include the whole 
coordinate range and divide by the symmetry number 18 corresponding 
to free rotation. 

The quantum-mechanical solution is somewhat less trivial. The 
levels which are far below the energy of the tops of the hills show each 
three different states, and in the zeroth approximation each of these 
states corresponds to the molecule existing in one of the three different 
minima. However, a more exact solution of the wave equation is 
obtained by using certain linear combinations of the three states that 
correspond to the different minima. The three linear combinations will 
have slightly differing energics, the amount of the splitting depending on 
the height of the hills between the minima and the moment of inertia of 
the CH3 groups. Even if the energy splitting were negligible, it is 
statistically important that there are three states to each level; the 
levels are triply degenerate. 

The complete wave equation for the molecule, which must be anti- 
symmetric with respect to permutations of the identical hydrogen 
nuclei and symmetric with respect to exchange of the two carbon nuclel, 
will be a product of a function of this coordinate q, with the functions 
of the other coordinates, the electronic functions, and the nuclear spin 
function. In order to make the total function antisymmetric it will be 
necessary to use particular linear combinations of the functions of the 
coordinate g, which correspond to the minima, namely, those which 
have what is called a definite symmetry character with respect to per- 
mutations. Each one of the three linear combinations of one level, if 
multiplied by a definite vibrational, spin, and clectronic function, can 
only be multiplied by 1/18 of the various rotational functions to give 
a completely antisymmetric total wave function. 

If the moment of inertia is large, and the hills between the minima 
high, so that the lower levels of this coordinate are negligibly split in 
energy, it is then immaterial whether one regards each level as being 
threefold degenerate, and each state of the level combining with one- 
eighteenth of all the rotational states, or whether one forgets the degen- 
eracy and says that cach level combines with one-sixth of all the rota- 
tional states. The higher levels of this coordinate will certainly be 
considerably split in energy, and those whose energies lie close to the 
top of the hills will be so strongly split that the classification into levels 
corresponding to the vibrational states in the localized minima is no 
longer useful. For energies very much higher than the tops of the hills 
the equation for the energy of the different states will go over asymptoti- 
cally into those given by equation (4) for free rotation. 
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A similar situation is encountered in ammonia, NH3. If the molecule 
were planar with the hydrogen atoms symmetrically placed, the symmetry 
number would be six, and only one structural isomer would exist. If 
the molecule is pyramidal, y = 3, two structural isomers could be 
formed with distinguishable hydrogen atoms. Keeping the positions of 
the hydrogen atoms fixed, these isomers differ in one having the nitrogen 
atom above the other having it below, the plane of the hydrogens. 
These configurations cannot be transformcd into each other by rotation 
alone. For both structures one of the normal coordinates corresponds 
to displacement of the nitrogen normal to the plane of the hydrogen 
atoms, and uniform displacement of the three hydrogen atoms in the 
opposite direction. 

For the planar structure the single minimum along this coordinate is 
at the point where the nitrogen is in the plane of the three hydrogen 
atoms. If the molecule has a pyramidal structure it means that there 
are two minima, which will be symmetrically placed with respect to this 
position in which the atoms are all in one plane. The maximum in the 
plot of the potential along this coordinate will then be at the place where 
the atoms are in one plane. If this maximum is sufficiently high the 
vibrational levels of this coordinate may either be treated as doubly 
degenerate, each of the two states of the level being allowed with one- 
sixth of the rotational states, or one could forget about the degeneracy 
and say that cach of the levels combines with one-third of the rotational 
states. 

If, as is actually the case, the maximum separating the two minima 
is very low, the levels will be split in energy due to the interaction of the 
two isomeric positions, and one will observe, in the spectra, the dif- 
ferent single states with different energies, each combining with one- 
sixth of the rotational states. The energy spacing of the vibrational 
states of this coordinate is not given by the simple viy, the lower states 
occurring in pairs, noticeably closer in energy than the average spacing. 
The contribution of this coordinate to In Q cannot be calculated by using 
the simple In Q, formula, but must be calculated by direct summation 


of the observed energies. 


CHAPTER 9 
MIXTURES OF GASES AND CHEMICAL EQUILIBRIUM 


(a) Introduction. (b) Gaseous Mixtures. (c) Chemical Equilibrium. 
(d) The Entropy of Isotope Mixing. (e) An Interpretation of the Equilib- 
rium Equation. (f) Estimation of Equilibrium Constants. 


9a. Introduction 

The laws of thermodynamics have been shown in the preceding chap- 
ters to be a consequence of the laws of mechanics. In considering a 
gas composed of a mixture of two or more kinds of molecules the usual 
methods of thermodynamics may be employed as a logical part of the 
theoretical approach which has been developed here. In such a use of 
the thermodynamic method 1t would be necessary only to use the fact 
that, by definition, the thermodynamic properties of one perfect gas 
are uninfluenced by the inclusion of another perfect gas in the same 
vessel. 

Similarly, the thermodynamic condition that the free energy be a 
maximum at equilibrium leads to the well-known relationship between 
the equilibrium constant and the difference in free energy of the products 
and reactants of a chemical reaction. 

Any statistical derivations of the equivalent statistical relationships 
are, of course, essentially only repetitions of the thermodynamic proofs 
in other language. Nevertheless we shall, in this chapter, show how the 
methods of Chapters 5 and 6, if applied to a system containing more 
than one kind of molecule, lead to the equations for a mixture of gases. 
We shall also derive the equations for the conditions of chemical equi- 
librium by a variation of the same methods. 

The equations for chemical equilibrium will be applied to a mixture of 
isotopes to show that the equilibrium in all chemical reactions, at high 
temperatures, with the neglect of the effect of the differences in masses,* 
is not altered by the presence of the isotopic differences between some 
of the atoms of an element. The absolute entropy of mixing of the 
isotopes is the same, per gram atom of element, whatever the state of 
molecular aggregation. 

A very simple interpretation of the conditions for chemical equilib- 
rium will be demonstrated, and some short methods of estimating the 
equilibrium constant will be discussed. 


* See Problem 9. 1. 
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9b. Gaseous Mixtures 

A system consisting of N, independent molecules of type 1, Ng 
independent molecules of type 2, ---, N; of type {, with the total 
volume V and total energy E, will be considered. 

The different types of molecules will have distinctly different quantum 
states. A quantum state of the whole system is determined by the 
number of molecules of the type ¢ in each of the quantum cells of this 
type of molecule, for all values of the running index ¢. Analogously to 
the method employed in Chapters 5 and 6, the phase space is divided 
into regions indicated by two indices j and ¢. The region 7f includes 
a large number, C;;, of cells available to the molecules of type ¢, each 
having an energy lying between e;, and e€; + Aje. The part jt of the 
system consists of the N; molecules which are in the region jf. The 
combinatory part of the problem is the same as that of Chapter 5, and 
the entropy, S;-, of the part system j¢ will be given by equation (6. 2). 
The value of dS;./dN;, will be given by equation (6. 3), which is 


dS; C; C; 

me i . Ee | = —, 
(9. 1) aN» k In Nex +1 k In Nie 
in which the unity will be omitted under the assumption that we always 
deal with conditions for which C;,/N;; is very large. 

The total entropy of the system will be the sum of the entropies of 
all conceivable regions, the sum of Sj; over all values of j and off. The 
value of Ny,/Cj, may be found by either the method of Chapter 5 or 
that of Chapter 6. That of Chapter 5 was to make the total entropy 
a maximum, subject to the conditions that the total energy and the 
total number of particles remain constant. The only difference between 
the one-component system treated previously and the present system is 
that for this system the total number of particles of each kind must be 
kept constant independently. 

The limiting conditions are 


(9. 2) Ny = N; (for all ¢’s), 
j 
(9. 3) L eiNit = ff, 
After multiplication of each of the equations (2) by a different constant 


koa, and the one equation (3) by kf, these are subtracted from the 
equation for the entropy and differentiated with respect to Nj, 


) 
(9. 4) cae. B DL ASi rae kiarN is cm kg> Le i = 0. 
ON iL t 1 § 
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The condition that the differential coefficient be zero for each value of 
j¢ is the condition for the maximum of S. 
The equations obtained are 


(9. 5) Nix = C je Peas 


for each value of ¢. The a,’s will be different for each kind of molecule 
¢. Each a is to be determined by the use of equation (5) in equation (2); 
a, is seen to depend on N; only, and in the same way as in a pure gas 
of the same volume. The presence of the other molecules does not 
affect the value of a. The parameter 8 is a constant of the system. 
The subsequent manipulation is exactly the same as that of Chapter 
5. That the value of 8 is the same for each of the molecular species 
insures a single temperature for the system. The entropy and energy 
of the mixture are sums of the values for each species of molecule, and 
for each species they have the same values as functions of volume and 
temperature that they would have if the other molecular types were 
absent from the vessel. 

Since P = T(dS/dV)z, from equation (4. 35), we may define the 
partial pressure P, as the pressure which would be exerted by the mole- 
cules ¢ in the same concentration N,/V at the same temperature in a 
pure gas, and the total pressure P is the sum of the partial pressures 
of the different molecular species, 


kT 
(9. 6) DE 
c V 


The total pressure 1s just R7'/V times the total number of moles of gas 
present. 

The quantities A, H, and F are also additive sums of the values of 
these quantities for the pure gases at the same concentrations or the 
same partial pressures. 

That these relationships must be obtained is obvious from the original 
description of the system. The molecules were all presumed to be inde- 
pendent of cach other, except in so far as it was tacitly assumed that 
they were in equilibrium with respect to the exchange of energy. This 
interdependence assured uniformity of temperature throughout the 
system. Their independence required that the properties of that 
part of the system composed of one molecular species alone would be 
the same as if it occupied the whole volume of the system by itself. 

The method of Chapter 6 could as well have been used as that of 
Chapter 5. The uniformity of temperature in the system would first 
be deduced from the condition that all energy exchanges were assumed 
to be allowed. For each species of molecule the value of u, must be 
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constant in all parts of the system, but the values of the w,’s for the dif- 
ferent kinds of molecules are entirely independent. 

The equations for one particularly simple mixture of gases are worth 
recording. If the different kinds of molecules are mechanically similar 
in all their properties, and equal, or at least very nearly equal, in mass, 
then the values of the partition functions Q, will be identical for all 
values of ¢. In this case, for one mole of gas, (UN; = No), the equa- 

¢ 


tion for the total free energy of the system will be 


(9. 7) F = DN, = XN;kT (In N; — In Q) 
i? i? 


from cquation (6. 9) for the chemical potential yu. 
If the mole fraction xz, = N,/Npo is introduced, the equation, per mole, 
becomes 


(9. 8) F = RT(In No — InQ + Liz, In z;). 
ig 


This differs from the free energy of the gas composed of one component 
only by the additive RTQ/2;, In 2, which is always negative since the 
mole fractions, x,, must, by definition, always be smaller than unity. 
The entropy of the mixture of gases is greater by the additive 
— Roz; In x,, which is positive. 
The energy, E, and also H, Cy, and Cp, will be the same as for the 
gas composed of only one component. 


9c. Chemical Equilibrium 

Methods similar to those of the last section may be employed to cal- 
culate the conditions for chemical equilibrium in a system consisting of 
a mixture of perfect gases. A gas composed of molecules of various 
kinds will be investigated, but it will not be supposed that the number 
of each kind of molecule is fixed. A chemical reaction will be con- 
sidered to take place in the mixture, so that the numbers of molecules 
of some kinds may grow at the expense of those of other species. The 
reaction will be written 


(9. 9) —mA—-mB-—---=mG+mH4+-:--. 


The m’s are small integers, so that the value of m, for one of the mole- 
cules ¢, which is a reactant of the reaction as written, is the negative of 
the number of molecules entering into the chemical reaction. m, is 
then the number of molecules of kind ¢ which are produced in the 
reaction as written. For instance, for the simple reaction 2Hg + O2 = 
2H20 the value of my, is —2, that of mo, is —1, and that of my,o is 2. 
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If the molecule of type ¢ contains n,, atoms of kind X, then the 
stoichiometry of equation (9) demands that 


(9. 10) LL MN = 0, for all x’s. 
Fi 


The choice of the m’s of the left-hand side of the reaction as negative 
quantities enables us to express this condition in the form of one sum. 
Equation (10) is merely the mathematical statement that the total 
number of atoms of cach element remains constant during the course 
of the reaction. The total number of atoms of the element X 1s 


(9. 11) N:z = Le Near. 
ig 


One considers divisions of the system into parts consisting of the 
N,, molecules of type ¢ in C;, cells of the same energy, ¢€;. For the 
total number of atoms of the element X one has 


(9. 12) N, = z Le NaN jp. 
J 


The total energy of the system may be written as 
(9. 13) KE = i »» EV 5¢. 
J 


Hitherto the convention had been adopted that for each molecule 
the energy is measured from that of the lowest quantum state. The 
chemical reaction (9) is accompanicd by a definite energy change. In 
order to account correctly for this energy difference between the prod- 
ucts and reactants it is necessary to adopt some common zero point for 
the energy of the molecules. For the purposes of this particular reac- 
tion it is sufficient that the energies of the lowest states, «,, be so 
chosen that 


am Mreoy = Ae, 


where Ae is the energy absorbed in the reaction as written at 0°K. 


In general the most logical convention appears to be to choose all energies so 
that the energy of every element is zero at the absolute zero of temperature, 
that is, to make the lowest quantum state of the elements zero. In calculating 
the free energies and other thermodynamic properties of individual molecules, 
however, it is often convenient to do as we have indicated in the past, namely, 
to choose the energy of the lowest state of each molecule as zero, since the calcu- 
lated values are then not subject to change if redeterminations of the heats of 
reactions are made. In the absence of complete thermodynamic and spectral 
data it is not practical as yet to adopt a uniform convention. 


In all discussions involving the equilibrium in chemical reactions it 
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will be assumed that the energies of the lowest quantum states of the 
molecules are so chosen that the energy of the reaction is correctly 
accounted for. From section 6f we know that an alteration in the 
energy scale involves a multiplication of the partition function by a 
factor e/*", and a linear additive change in the functions E, F, A, and 
H, but no alteration in the values of S, Cy, and Cp, at a given temper- 
ature. 

Returning now to the system under discussion, the entropy S;, for 
the part 7¢ of the system is calculated as before. The sum of S, over 
all values of j and of ¢ gives the total entropy, which will be a maximum 
at equilibrium, subject to the conditions that the total number of 
atoms of each element is constant, and that the total energy of the 
system is constant. Equations (12), each multiplied by a constant 
kez, and equation (13), multiplied by k8, are subtracted from the total 
entropy. The differential coefficient of this with respect to every NV, 
is zero when the entropy is a maximum, 


0 
>a >. (Sp —_ kia n2aN, + aa kBeN jr) = Q, 
oN an x 


(9. 14) 


With (1) for 0S,/0N,,, this becomes 


C 
(9. 15) kn N, = k Daznz + kBe,;, 
J Zz 
(9. 16) fe i ies ae 
OF 


This equation is of the familiar form of equation (5) with Diazna 
replacing a,. The thermodynamic properties of the system are the 
sums of the properties of the individual gases as with all mixtures of 
perfect gases, but a definite relation is prescribed between the a,’s of 
the different molecule kinds. Previously the known number of mole- 
cules N, has been used to evaluate the a;,’s. The relationship that 
ay = Llaznz imposes a relationship on the values of the N;’s and this 
restriction we shall show to be the mass-action law. 

One may identify Diaznz with —yu,/kT, in which yp; is the chemical 


potential of the molecules of kind ¢ in various ways. For instance, one 
knows that, for the part jf of the system, », must be the same as for all 
parts of the system, so that 


PY ~_ r = €5, — ee = — In Pesala) 
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which by comparison with (15) shows that 
(9. 18) by = —kT Doane. 


The quantity a, is some characteristic of the X atoms which is con- 
stant throughout the system. zy is the number of X atoms in the 
molecule ¢. If the monatomic gaseous element X were in equilibrium 
concentration in the system, for that molecular species ¢, only for one 
X would n,, differ from zero, and its value would be unity. For such a 
case the interpretation of the quantity a, is clear, namely,a, = —y,/kT. 
This interpretation is really general, —kTa, is the chemical potential 
of the atoms of the element X in the system, and from this value the 
equilibrium concentration of the monatomic clement in the system can 
be calculated. We may write (18) as 


(9. 19) My = 2inechte, 
z 


the chemical potential of the molecules is the sum of the chemical 
potential of the atoms composing them, and the chemical potential of 
the atoms of any one element is a constant for all parts of the system. 

In Chapter 6 the equation equivalent to (16) combined with (18) 
was used to calculate u by a relationship 


(9. 20) LN x =Np =e nee Q:, Q: = XC ye, 
J ] 


in which Q, was called the partition function of the molecule. For the 
reacting mixture, relationship (19) between the values of », for the 
different kinds of molecules puts a restriction on the values of the 
N,’s, which are no longer independent. We shall now proceed to 
show the nature of this restriction. 

If the equilibrium product for the chemical reaction (9), in terms of 
the numbers of molecules, is formed, and calculated by the use of 
equations (20) and (19), the y,’s cancel in the expression, and the 
equilibrium product is obtained as a function of the Q,’s alone. The 
steps are: 

Ky = IIn,"' = eymyns/bT HlQ,", 


from (20). Using (19), one sees that 
Lemeny aes Litem Naty 
z& 


but from (10), that 23m,n,, = 0, one obtains 2im,u, = 0, and 
r ; 


(9. 21) Ky = liv," a I1Q,"". 
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Whereas the left-hand side of this relation depends on the numbers 
of molecules only, the right-hand side is independent of the concen- 
tration. 

Equation (21) gives a relationship between the values of NV, which 
must be fulfilled for every chemical reaction with respect to which the 
system is in equilibrium. The fact that Ky is independent of the den- 
sities is known as the mass-action law. 

This equation may readily be transformed into the usual thermo- 
dynamic relation between the equilibrium constant in terms of the pres- 
sures, and the difference in standard free energy of products and reac- 
tants. Let N be the number of molecules of a gas which, in the volume 
of the system, would exert unit pressure at the temperature of the 
system. The partial pressure P, of the molecules ¢ willbe V;/N The 
value ue of the chemical potential of the ¢ type molecules at unit pres- 
sure is related to Q, and N by 


0 ,] 
Qe eur 


(9. 22) N 


from equation (20). 

The sum of the chemical potentials of the products at unit pressure, 
minus the sum of the chemical potentials at unit pressure of the reac- 
tants of the chemical reaction (9), is 


(9. 23) Ap? = x Meme, 


and may be called the change in the chemical potential at unit pressure 
for the reaction, or the standard chemical potential change. 

Using (22) and (23) with (21), one obtains for the equilibrium con- 
stant, in terms of the pressures, 


N me Q me ‘ 
9, 24 Kp = II Pv = n(*) = n(*) as @ SHAT 
( ) a rp \N 5 \N . 
The free energy per mole is just Avogadro’s number times the chemical 
potential, F} = Nou, and the change of free energy per mole at unit 
pressure in the reaction is AF? = NoAp®, so that (24) can be written as 


(9. 25) AF® = —RT In Kp. 


This is the usual thermodynamic form for the relationship between the 
free energy change in a chemical reaction and the equilibrium constant. 

The whole derivation given here is unnecessarily long. One might 
at once use the condition that the total free energy of the system 


(9. 26) F= = Nyy 
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must be a minimum at equilibrium. Since for the chemical equation 
(9) the ratio of the number of molecules of the different species pro- 
duced in the reaction is fixed as the ratio of the m,’s, one can sct 
dN; = m,dn. At equilibrium 


oP _ 


(9. 27) as 


OF 
0 = mM.-—- = : 
» ON, minus 


From equation (6. 9) for the chemical potential, 


(9. 28) LMeue = kT Ym-(In N; — In Q;) = 0, 
f i? 


which is equivalent to equation (21). 

In the original derivation the statement that the total number of 
atoms of each element was to remain constant was the only condition 
imposed on the possible changes in the numbers of molecules of each 
species. The result of the considerations is that for any conceivable 
stoichiometrical equation the condition for the corresponding equilib- 
rium constant must be fulfilled. The condition for a chemical equa- 
tion to be stoichiometrically possible is just the condition of equation 
(10). If, however, the chemical system is actually in equilibrium with 
respect to one of the conceivable chemical reactions, but not in equi- 
librium with respect to others, then the conditions for only the particu- 
lar equilibrium constant with respect to which the system is actually in 
equilibrium must be fulfilled. The other conceivable reactions are to 
be regarded as inhibited. This offers no formal difficulties. 

One condition implied in the derivations of the equations was that all 
the quantum states of the molecules which are actually reached with 
appreciable probability can be said to belong to one or other of the molec- 
ular species considered. If the temperature were so high than an 
appreciable fraction of the material existed, at any instant, in quantum 
states which could not be definitcly assigned to any of the molecular 
species considered, then the equations derived here begin to lose their 
meaning. This has already been discussed to some extent in the last 
chapter. 

The total free energy is given by equation (26), in which the values 
of the N,’s must be calculated from the original quantities of material 
introduced, using the stoichiometrical relations of the chemical equa- 
tion, and the condition of equation (21) imposed on the equilibrium 
constant. 

A particularly simple example may be instructive to consider. Sup- 
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pose that the chemical reaction is of the type 
(9. 29) A =B, 


that is, a simple isomeric change in a single molecule. 

The equations are then particularly simple. Since Na + Np = N, 
the total number of molecules, one obtains, from (21), Na/N»y = 
Q./ Q:, that 
(9. 30) Vee: se 


0.06.” Qa + Q 


N, 


and 


(9, 31) wo = kT(inN, — InQ,) = kT [InN — InQQ, + Q))I, 


which is equal to wz, as it must be at equilibrium. For the total free 
energy, 


F = Nota + Nowe = Nua = Nuv, 
(9. 32) F = RT(In No — In (Q2 + Qp)] 


per mole of gas. 

The chemical reaction has been artificially introduced by considering 
some of the quantum states of the molecule as belonging to one mo- 
lecular species, and others as belonging to a different species. The free 
energy of the systems is correctly calculated either by using the equa- 
tions for a chemical reaction at cquilibrium, or by counting all the 
quantum states of both species together as being states of one molecule. 


9d. The Entropy of Isotope Mixing 

The equations of the last section will now be applied to a particular 
reaction, namely, the dissociation of a molecule into its elementary 
monatomic constituents. The reaction will be written as 


(9. 33) AX, =A+nxX. 


The subscript m will be used to refer to the molecule AX,. The equi- 
librium constant Ky for this reaction is, from (21) 
NaNz _ QQ; 
9. 34 Ky = —— = —*: 
( ) N= 0, 

A complicated extension of this case will now be considered in detail, 
namely, that the X atoms in the system are not all identical, but con- 
sist of many isotopes, for which the running index y will be used. The 
number of isotopes of type y existing in the form of the monatomic gas 
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will be denoted by N,, with DN, = Nz, the total number of atoms of 
y 


element X which are free. 

There will be a large number of different molecules corresponding to 
the chemical formula AX y, if the n X atoms of the molecules consist of 
various isotopes X¥. The index ¢ will be used as a subscript to indicate 
the different kinds of molecules. In every molecule of kind ¢ there will 
be a definite number, n,,;, of isotopes of type y, so that 


(9. 35) Ly = Nn. 


The molecule ¢ will also have a definite symmetry number y, which will, 
in general, be different from and never greater than the symmetry 
number 7,, of the molecule composed of only one isotope. In general, 
however, the molecule type is not completely determined by the values 
of the n,,’s and +;, but there will be several isomers of different £’s 
with any given values of the n,;’s. 

The reaction 


(9. 36) AXi Xa XR = AH Ln, XY 


will be considered. For this reaction 


(9. 37) Kye ee 


It will be explicitly assumed that the partition function Q, for every 
isotope y is the same, so that we may write that Q, = Q, for every y. 
This will be so if the masses of the isotopes differ by negligible fractional 
amounts and the nuclear spin is neglected. It will also be assumed 
that the partition functions of the various molecule types ¢ differ only 
in so far as they have different symmetry numbers, so that 


(9. 38) Q: = Qm = 
Ys 


This will also be the case if the isotope mass differences are negligible 
and if the temperature is high compared with the energy separation of 
the rotational levels of the molecules. At low temperatures the sym- 
metry number loses its significance entirely as a determining factor in 
the magnitude of the partition function, and the subsequent consid- 
erations are entirely invalid. The differing masses of the isotopes cause 
differences in the values of the Q,’s and the Q,’s, which become quite 
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appreciable for the light elements but approach zero asymptotically for 
the heavier elements. This difference is neglected here. 
If these items are left out of consideration, (37) may be written 


nyt 
N.IIN, Q.0." % 


9, 39 Ki] Se 
( ) - N t Qn Ym. 
NaQm TIN." Ym 
N = y —— e 
: QQ,” . Yr 


Use must now be made of the fact that the sum of ym/‘7; for all the dif- 
ferent isomers with fixed values of the n,,’s is always n !/IIn, !, the 
y 


multinomial coefficient, 
TS ee 


Nyy constant =ny 


(9. 40) 


This can be seen as follows. The total number of permutations of 
the n atoms of element X among the n positions in the molecule is 
n!. For the isomers of fixed number of each isotope n,, only the 
fraction 1/IIn,! of all the permutations do not correspond to the 
exchanges of identical isotopes. Therefore, n!/IIn,! exchanges of 
non-identical particles are possible. Any one of these exchanges leads 
to a configuration which is either a new isomer, or which could be 
obtained from the original configuration by a rotation. This rotation 
has to be such that the resultant configuration is not identical to the 
original one, but would be if the difference between the isotopes were 
neglected. Furthermore, all possible isomers of this value of ny, and 
all such rotations of these isomers, are produced from one configuration 
by these permutations. The sum of the numbers of these rotations for 
all possible isomers of given n, is therefore n !/IIn, !. 

The number of these rotations for the isomer will be shown to be 
Ym/Y¢. If all the atoms X were distinguishable there would exist 
Ym configurations, obtainable from each other by rotation alone, which 
would be equivalent with indistinguishable atoms. If some of the 
isotopes are identical certain of these configurations become equivalent. 
Since the symmetry number, ¥;, signifies the number of ways in which 
the isomer ¢ may be rotated into equivalent positions, it is seen that only 
the number y,,/7; of configurations are not equivalent for the molecule 
¢. Equation (40) is thereby proved. 

If the total number of molecules N,, is found by summing the equa- 
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tion (39) for NV, over all values of {, with the use of (40) one finds 


Q.0." ny Q.0," Q, ig 


! ny am 
0.41) Ne=ENe= 958 E pM = Gas EM" 
Ly =n Y 


or, using DN, = Nz, 
+7] 
(9. 42) 


The last equation is identical with (84). The equilibrium between the 
molecules and the atoms is the same whether or not the element consists of a 


mixture of isotopes. 
The total number of atoms of the isotope y’ combined in the mole- 


cules is the sum Jin,,N,, and will be designated Nmy. With equa- 


tion (39) summation can be performed analogously to (41). One obtains 


N Nm n! ny 
(9. 43) Ny = LatyyNy = 2. who Ny ‘ 
y Q.Q, Zny=n In, ; 
NaQm an Ny 
aN. n Nr.” 
” Q.02" 
which, by comparison with (41), shows that 
Nmy - Ny 
ean wNm Nz 


The total number of atoms of the element X combined in the mole- 
cules is nN, so that the ratios of the numbers of isotopes is the same in 
the molecules and in the monatomic gas. 

Since the equilibrium constant is the same whether or not there are 
different isotopes, the difference between the entropies of the mona- 
tomic gas of the element and of the molecules is the same in the two 
cases. The absolute entropy of the monatomic gas has a term due to 
the mixing of the isotopes, equation (8), which is 


(9. 45) Snix. = —L%,F In xy, 
y 


per gram atom of element, in which z, = N,/N;z is the mole fraction 
of the isotope y. The same additive contribution to the absolute 
entropy is present per gram atom of element in any gas containing 


this element. 
The special assumption of the chemical equation (33) that the 


Eq. 9.46] INTERPRETATION OF EQUILIBRIUM EQUATION 213 


molecule contains only one other atom, A, in addition to the atoms of 
the element X is obviously unnecessary. The conclusions are equally 
valid for a molecule consisting only of X atoms, or one containing many 
other atoms of various kinds. It is further clear that there would be 
no difficulty in extending the argument to a molecule for which two or 
more of the elementary constituents consisted of mixtures of isotopes. 
The assumption that the nuclear spins of the isotopes are zero, or all 
equal, is likewise unnecessary. If the nuclear spins of the isotopes 
differ, the partition functions Q, would contain the factor to 2s,, + 1 
and the partition functions of the molecules ¢ would be proportional to 


II (2s,, + 1)" so that the ratio Il Q,'“/Q, in equation (37) would 
7] 


be unchanged by the presence of the nuclear spin. It is only this ratio 
which is used in the subsequent equations. 

At temperatures for which rotation is classical the existence of iso- 
topes has no effect on the equilibrium of any chemical reaction, or on 
the difference of entropy involved in the reaction, except in so far as 
the differing masses of the isotopes affect the mechanical properties of 
the constituents of the system and therefore the partition functions of 
these constituents. The percentage difference in mass of different iso- 
topes of the lighter elements causes sufficient mechanical differences to 
permit their separation. 


9e. An Interpretation of the Equilibrium Equation 

The physical significance of the equation for the equilibrium con- 
stant is seen most clearly if the classical equation for the partition 
function Q, 1s used. 

If the potential energy, U, of the molecule ¢ as a function of its f 
coordinates is defined in such a way that the lowest value of the potential 
at the equilibrium position of the atoms is zero, then the classical equa- 
tion for the partition function may be written 


(9. 46) Q: = oe sal _ J e MsPa/k? dn... . dpy dgi +++ day. 
f 

In this equation the total number of degrees of freedom f is three times 
the number of atoms comprising the molecule, 7; is the symmetry num- 
ber of the molecule, and H;(p,q) is the Hamiltonian or energy of the 
molecule expressed as a function of the f coordinates and the f momenta. 
The exponential of —«?/kT’ as a factor arises from the choice of zero 
as the lowest value of the potential for each molecule whereas the 
energies of all molecules have to be measured from a common zero point. 

The energy of the molecule in its lowest state, the energy of the gas 
per molecule at 0°K., is ef, and must be chosen in such a way that the 
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energy of a chemical reaction at 0°K. is given by the sum of the ¢€’s 
of the products minus that of the reactants. This choice assures one 
that the energies of reactions at other temperatures will be correctly 
given by the thermodynamic energies of the gases calculated from the 
partition functions. 

The most natural choice of the value of e¢ would be that it is the 
energy necessary to form one gaseous molecule ¢ from its elements at 
0O°K. Other choices differing from the above by a constant amount, e¢,, 
per atom of element X for all molecules would, however, be equally 
satisfactory. 

The choice of the f coordinates used in the Hamiltonian in (46) is not 
prescribed, except by reasons of convenience. If the Cartesian coor- 
dinates of the atoms are used, the kinetic energy is of the form 
(p2 + p? + p?)/2m, for each atom, X. Integration over the momenta 
of equation (46) leads to the factor (24m,kT'/h)*/? for the three degrees 
of freedom due to the atom X, if the h? is included with the momentum 
term. There remains the integral of the exponential of the negative 
potential energy divided by kT, integrated over the whole configuration 
space of the molecule and divided by the symmetry number. This 
term has the dimensions of a volume raised to the power of the num- 
ber of atoms in the molccule, and may be called the product of the 
volumes v, available to the atoms of the molecule, 


(9. 47) Ih, = = ffm War,. 


The equilibrium constant Ky of a reaction is equal to, equation (21), 
the product of the partition functions, Q,, of the products of the reac- 
tion, divided by that of the reactants, each partition function raised to 
the power of the number of molecules entering the chemical equation. 
If Ae® is the energy of the reaction at absolute zero, 


(9. 48) Ae = Lime, 
f 


in which the m,’s are the number of molecules ¢ produced in the reac- 
tion as used in equation (9). The energy exponentials of (46) used in 
the expression (21) for Ky then lead to a factor e~**’*?. The factors 
(2am,kT /h?)?/2 due to the momenta cancel in the numerator and 
denominator since the number of atoms remains constant in the reaction. 

Using the classical expression (46) for Q,, with (47) and (48) in the 
equation (21) for the equilibrium constant Ky, one obtains 

Iv, (products) 


9. 49 Ky=lIne ae" 2. 
( ‘J pe Tl, (reactants) 
= 
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The equilibrium constant Ky is equal to the factor e~“/*", multiplied 


by the ratio of the products of the volumes available to the atoms in the 
products of the reaction, divided by the volumes in the reactants. The 
tendency of the reaction to go, as measured by the equilibrium con- 
stant, is directly proportional to the product over all the atoms of the 
ratio of the volumes available to them in the products and in the 
reactants. 


9f. Estimation of Equilibrium Constants 

Equation (49) serves as a very useful method of making rapid rough 
estimations of the magnitude of equilibrium constants for reactions. 
It is somewhat more convenient to eliminate the large numbers involved 
in Ky, the equilibrium constant expressed in numbers of molecules, by 
using, instead, Kp, the equilibrium constant expressed in partial pres- 
sures. As in deriving (24) the conversion of Ky to Kp can be accom- 
plished by multiplication of Ky with N~*"S, where N is the number of 
gaseous molecules which would give unit pressure in the volume of the 
system. 

In equation (49) the calculation of the volume available to every 
atom always gives the total volume of the system as one term in the 
product for every molecule. That is, one may treat one atom in every 
molecule as free to wander about the whole system, dragging the mole- 
cule with it; the other atoms of that molecule are constrained to lesser 
volumes in the neighborhood of the one atom considered as free. The 
multiplication of this by N~*” results in replacing each of these terms 
V by V/N = v°, the volume per molecule at unit pressure. The other 
volumes of the constrained atoms on the molecule are to be calculated 
as before. 

The equation for the equilibrium constant Kp is, then, 


Iv, (products) 


9. Kp = Ip™ = e~4/*#? 2 ___________ y-2™, 
(9. 50) Pera IIv, (reactants) es 


in which Ae’, equation (46), is the energy absorbed in the conversion of 
the reactants into the products at 0°K. 

A simple numerical calculation shows that, if the unit of pressure is 
taken to be one atmosphere, the volume per molecule is 


(9. 51) yo = u = 4x 10° i cubic Angstroms. 


The one-dimensional length available to an atom along the coordinate 
giving its distance from another atom to which it is bound is twice the 
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average amplitude 3¢ of vibration. The value of & as a function of 
temperature is given rather accurately by the empirical equation, in 
which D is the energy necessary to break the bond, 


T 1/2 
(9. 52) t= (=) Angstrom units, 


if the vibration is classical. This equation follows from the empirical 
fact that the product M,;Mow?/(M, + M2) is about 10° times the 
energy of dissociation D in kilogram calories for almost all diatomic 
molecules. 

The two-dimensional surface available to an atom rotating about 
another is 


(9. 53) A = 4a, 


in which 1p is the distance between the two atoms. 
In order to illustrate the use of such considerations, we shall estimate 
the equilibrium constant for the reaction 


Togas —> 2I gas, 1000°K. 


The energy D necessary to break the I—I bond is 35.40 k cal. per mole, 
so that D/RT = A&/kT = 17.81, and e~**/*? is 1.8 x 107°. 

The volume available to the free I atoms, divided by the number 
of atoms N necessary to give a pressure of one atmosphere, 1s, from 
(51), v° = 13 X 10° (A.U.)3, which occurs squared in the numerator 
of the expression for Kp. For the molecule, the same term »° occurs 
once in the denominator, canceling one of the vs in the numerator. 
The constrained atom of the molecule moves in a shell of radius rp and 
thickness ¢ about the atom which was regarded as free. For I, the 
value of ro is 2.66 A.U., and from (52) & = 0.24 A.U. at 1000°K. The 
volume 4xrzé must be divided by the symmetry number two. One 
obtains 24r2 = 10 (A.U.)3, as the volume available to the dependent 
atom. The ratio v°/2rrzt = 1.3 X 10*. One finds 


(9. 54) Kp = EY —aarrer (0°) = 2.3 x 1074 
e P — Py, =— é pQaerzt =— e e 


Iodine should be approximately one per cent dissociated at one atmos- 
phere pressure and 1000°K. 

Equation (50) is an exact equation if the volumes per atom are cor- 
rectly calculated. The classical equation (47) for these volumes is, of 
course, valid only at rather high temperatures. There exists a quantum- 
mechanical equation analogous to (47), making use of the wave func- 
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tions, by which the available volumes of the atoms, to be used in (50), 
can be calculated at any temperature. 

The effect of the quantum-mechanical equation is always to give v, 
values which are larger than the classical values by an amount which 
decreases with increasing temperature. This is a consequence of the 
uncertainty principle. The integral over a momentum in the partition 
function gives the average value of the momentum at the temperature of 
the integration. If, however, this average value of the momentum is 
so small that its product with the average range of position along the 
conjugated coordinate, as calculated by (47), is less than A, the uncer- 
tainty principle would be violated, and one must expect the quantum- 
mechanical calculation to lead to a greater position uncertainty. Stated 
differently, the contribution of the product of any coordinate with its 
conjugated momentum to the partition function Q can never be less than 
unity. 

The contribution of one of the three momenta associated with an 
atom to Q is (2rmkT'/h?)!/2, which is 10°M!/? (7/300)!/2 em, in which 
M is the atomic weight. If for any coordinate the classical expression 
leads to a range of less than (300/7M)!/? A.U., then one can be sure 
that the classical expression is false, and a better approximation will be 
obtained by inserting this value for the available length to the atom in 
this coordinate. If the classically calculated available length is larger, 
for every coordinate, than (300/7M)1/2, then the classical equations 
may be deemed to be sufficiently valid. 

The use of (50) for making estimations of the equilibrium constants 
of chemical reactions is by no means limited to such simple cases as the 
dissociation of diatomic molecules. Especially if the molecules on the 
two sides of the chemical reactions have certain groups in common, such 
as, say, CHg radicals or phenyl radicals, CgHs, the volume available 
to the atoms of such a radical will be approximately the same for the 
reactants and products and will cancel out of the expression for Kp. 


CHAPTER 10 


GENERAL EQUATIONS FOR SYSTEMS COMPOSED 
OF DEPENDENT PARTICLES 


(a) Introduction. (b) The Equation for the Work Function A. (c) Appli- 

cation to the Perfect Gas. (d) Systems of Fixed Energy. (e) Energy 

Fluctuations in Systems of Fixed Temperature. (f) The Semi-Classical 

Expression for Q. (g) The Configuration Integral Q,. (h) The Probability 

of a Configuration. (i) An Alternative Derivation. (j) Summary of 
Thermodynamic Equations. 


10a. Introduction 

_ If no forces are acting between the particles of a system, the system 
is said to be composed of completely independent particles and is a 
perfect gas. In the preceding five chapters the methods for calculating 
the thermodynamic properties of such systems have been developed, 
and the equations derived have been discussed in some detail. If the 
forces acting between the particles of the system are so large that they 
may not be neglected, the system is not a perfect gas, although, if the 
forces are weak, it may exist entircly in the gaseous phase, obeying an 
equation of state differing but little from that of the perfect gas. At 
lower temperatures, or smaller total volumes, part or all of the system 
will be in a condensed phase, liquid or solid. The methods of calcu- 
lation for such systems will be developed in subsequent chapters. 

The thermodynamic entropy S of a system was defined in Chapter 4 
as k In ©, in which © is the total number of quantum states available to 
the system at a given total energy E and volume V._ If the quantity 
2 is known as a function of the energy, it is possible, in principle, to 
calculate all the thermodynamic propertics of the system by means of 
equations (4. 34) and (4. 35), defining the temperature 7 and the 
pressure P in terms of S and E. 

This method, however, is not practical for most systems. In the 
mechanical description of the system, which is necessary before the 
methods of statistics may be applied, the energy, as a function of the 
coordinates g and momenta p which make up the phase space, is explicitly 
given. The equation for the volume in phase space, measured in units 
of h’, between two surfaces of constant energy E and EF + AE, which 
is the classical equivalent of 2(£) AE, is not given explicitly and is 
often extremely difficult to calculate directly. 
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In treating the perfect gas the quantity 2(E£) was directly determined 
in section 5d only for monatomic molecules. The method which was 
employed to derive the equations for general gases did not calculate 
this quantity. Instead the value of S = klInQ was found for that 
distribution of molecules in various energy ranges which made this 
quantity S, the entropy, a maximum. The entropy for this equilibrium 
distribution was used as the value for the uninhibited system. The 
equation for the entropy was not obtained directly in terms of the 
energy, but in terms of a parameter 8 which was shown to be very 
simply related to the temperature. 

Since the temperature, rather than the energy, of a system is most 
easily measured experimentally, the equations for the thermodynamic 
functions in terms of temperature and volume or temperature and 
pressure are entirely satisfactory, and indeed rather preferable to those 
in terms of the energy and volume. 

If the molecules of a system are not independent it means that they 
have mutual potential energies due to the forces acting between them. 
The energy of one particular molecule is then an ambiguous quantity, 
and the distribution of molecules with respect to their individual ener- 
gies has no meaning. 

One may, however, by means of an artifice first introduced by Gibbs, 
make a calculation which is strikingly similar to that of the distribution 
of molecules in a gas with respect to their energies, even for systems 
composed of dependent particles. This method treats what is called 
an ensemble, or large number of independent identical systems. The 
individual systems, which are of macroscopic size and may consist of a 
mole of material, play the same role in the ensemble that is played by 
the independent molecules of the perfect gas. The energy of the sys- 
tems composing the ensemble is not fixed, but the sum of their ener- 
gies, that of the ensemble, may be.* 

The temperature of the ensemble may be defined by the condition 
(4. 34) that (0S/dF)y = 1/T. The distribution of the systems with 
respect to their energies may be calculated and is found to be given by 
an equation which is analogous to (6. 6) for the molecules of a perfect 
gas. The essential difference between the systems of the ensemble and 
the molecules of the gas is that the energy-distribution curve of the 
former has an enormously sharper peak which is due to the greater com- 
plexity of the unit. The energies of the systems fluctuate about a mean 
value, as do those of the molecules in the gas, but the fractional fluctu- 
ation is smaller, the greater the size of the system. For systems con- 


*In the canonical ensemble of Gibbs the total energy of the ensemble was not 
explicitly fixed. 
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taining a mole of material the percentage fluctuation is entirely negligible. 

The ensemble is conceived of as a large number of identical systems, 
each with the same numerical volume, in thermal contact, and coex- 
istent in time. For a given total energy of the ensemble equations will 
be derived for the equilibrium fraction of members of the ensemble in 
any portion of the phase space of these members. 

Now the chance that any randomly selected system of the ensemble 
is in a given portion of phase space is just the fraction of systems of the 
ensemble which are in this part of the phase space. With the assump- 
tion that the systems are ergodic, and the knowledge of the Liouville 
theorem of section 2j, it also follows that this is the fraction of time 
that one system spends in this portion of the phase space. 

The properties of a given system depend only on the values of its 
external variables, such as temperature and volume, and not on the 
particular type of the other systems with which it is in contact. It 
therefore follows that a randomly selected member of the ensemble has 
the properties of any system of this type at the given temperature and 
volume which it is assumed to occupy in the ensemble. 

Actually, in section 101 we shall derive the same equations that are 
discussed in the succeeding few sections by considering one system in 
contact with an infinite heat reservoir, without the assumption that 
this heat reservoir consists of an ensemble of systems which are identical 
to the one considered. That is, in section 10i a proof is given of the 
equations of this chapter without the use of the concept of an ensemble. 
It is also to be remarked here that in section 10d the fact that these 
equations are numerically equivalent to those obtained by the method 
of Chapter 4 is discussed. 


10b. The Equation for the Work Function A 

A large number, N, of independent identical systems will be treated. 
The total sum of these systems will be referred to as the ensemble. 
The equation for the work function A, per system, will be calculated 
and found to be related to a quantity Q. The analytical expression for 
the partition function Q in terms of the energy states of the system is 
exactly the same as that of the partition function per molecule Q in 
terms of the energy states of the molecule. 

The N independent systems of the ensemble are constrained to dif- 
ferent regions of space, but the volume allotted to each has the same 
numerical value, V. Unlike the perfect gas, in which all the molecules 
occupy the same volume JV, the systems of the ensemble, although 
mechanically identical, are distinguishable and numbered by the por- 
tion of space which they occupy. This is the only fundamental differ- 
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ence between the ensemble of independent systems and the perfect gas 
composed of independent molecules. The quantum state of the 
ensemble is given by the state or quantum cell of each individual num- 
bered system. Because of the identity of the systems, to every quantum 
cell k of system a there exists a corresponding cell k of every other sys- 
tem, but the ensemble is in a different quantum state when a is in cell k 
and 0 in cell m than when a is in m and b in k, owing to the different 
spatial positions in the ensemble of the systems a and b. 

The systems of the ensemble are in thermal contact and may exchange 
energy. The energy of the whole ensemble will be designated by NE, 
so that F is the average cnergy per system. 

The cells, or quantum states of the systems, will be divided into 
regions for which the subscript index j will be used. The Q, cells of the 
jth region* will all be contiguous in the phase space, and in particular 
the energy of all of them will lie between H; and £; + 4;#. The total - 
number of systems whose quantum states are in the region j will be desig- 
nated by NV;. The entropy NS for a given distribution, defined by the 
values of the N,,’s, will be calculated, and the equilibrium value of the 
numbers N; determined by making this a maximum, subject to fixed 
total energy NE and fixed total number of systems N. This entropy 
of the equilibrium distribution is then also the entropy of the uninhibited 
ensemble. 

The number of quantum states allowed to N; specified systems in the 
region j is 2,7, since each of the systems may be in any of Q; cells, and 
the systems are numbered. For the whole ensemble the number of 
quantum states consistent with an arrangement in which the region for 
every one of the numbered systems is specified is Ilo; 7, To obtain 


the number of states of the ensemble consistent with a given set of the 
numbers N;, this must be multiplied by the number of ways in which NV 
numbered systems can be assigned to the regions, NV; to the region j, 
namely N ! / Iv j!. The entropy NS of the ensemble is k times the 


logarithm of this product, 


Qi Q; 
(10. 1) NS = kin| NIT : | =e win + Ewy in I, 
i N j ! F) N b) 
if the ensemble is inhibited to the distribution defined by the value of 
the N,’s. 


The equilibrium values of the numbers N; will be those for which 


* The symbols 0; and £; instead of C; and & in the corresponding calculation for 
the perfect gas are used here in recognition of the fact that the systems are of macro- 
scopic and not molecular size. 
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NS is a maximum with given fixed value of the total energy NE and 
number of systems JN, 


(10. 2) NE = X.N,E,, 
J 

(10. 3) N = Nj. 
j 


The maximum entropy may be found by subtracting k@ times (2) and 
ka times (3) from (1), and sctting the derivative with respect to N; 
equal to zero, namely, 


re) Q 
— (NS — kaN — k@NE) = k| In— +1 —a— BE; | = 0. 
aN; ‘ a BNE) [in + nN—a ak | 
This leads to the equation for the ratio of N, to Q,, 
Q; 
(10. 4) In ar =a—InN+8E,;, N; = Ne“Q;e7%. 
j 
For the determination of a this equation is used in (3); one obtains 
N = 2.N; = Ne™Q, 
J 


where Q is defined as 


(10. 5) Q = LA, 
J 

so that 
1 

(10. 6) e*=—, a=I1nQ 
Q 


With this value of e~ in (4) the equation for N, becomes 
(10. 7) N; = oe PF 


The total energy NE of the ensemble may be obtained by the use of 
(7) in (2), which leads to 


0 
(10.. 8) NE = N;,F; = N50, ei |, InQ : 
j Q r) op 
If equation (4) for In (Q;/N;) is used in (1) for the total entropy NS the 


result, 


NS = k[NINN + XNj(a — InN + BE;)] 
= k[Na + BNE] 


may be transformed, by the use of (6) for a into 
(10. 9) S = k(InQ + BE). 
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This is the average entropy per system of the ensemble in the equi- 
librium distribution of the systems with respect to the regions, and it is 
therefore the entropy per system of the uninhibited ensemble. 

The quantity 8 may now readily be determined by the use of the 
fundamental equation (4. 34) for the reciprocal of the temperature, 


av) -3-() _ [2m 28 ap |. 
Ga vy TT \@E oe a8 on + opt 8 


In view of equation (8) the first two terms in the brackets are seen to 
cancel, leaving 


1 1 
T kT 

Inserting (10) for 8 in equation (5) for the partition function of the 
system Q, one obtains 


(10. 11) Q = Le -Fi AT, 
J 


(10. 10) = kp, B = 


If 8 is replaced by 1/kT in equation (9) for S, the equation 
(10. 12) S=kinQ +> 


is obtained. 
The work function A, or Helmholtz free energy of the system, is 
defined thermodynamically as A = EH — T'S, so that 


(10. 13) A = —kTInQ. 


The quantity Q may be called the partition function of the system. 
It is the quantum-mechanical analogue of the Gibbs phase integral. 
Just as in the identically defined partition function of the molecules, 
Q, the symbol 2; may be omitted from under the summation sign if the 
summation is explicitly extended over all non-degencrate quantum states 
n of the system. The alternate equation, 


(10. 14) Q = Le *n/t? 


all quantum 


may then be used. eee 


10c. Application to the Perfect Gas 

Equation (13) with (14) is applicable to any system whatsoever. If 
the system itself is composed of N independent identical molecules it 
is a perfect gas, and the application of these equations must lead to the 
results previously obtained for this type of system. We shall proceed 
to show this. 
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The energy of a perfect gas is the sum of the energies of the individual 
independent molecules composing it. If the index v is used to designate 
the vth molecule of the gas, 1 < » < N, and m, the quantum cell of the 
vth molecule, so that ¢,,, is its energy, one may write for E,, the energy 
of the system in the quantum state n, 


(10. 15) Hag =) Gas: 


The quantum state n of the whole gas is given by the number J,, of 
molecules in the cell m, rather than by the values m, for the individual 
molecules, since the molecules are unnumbered and indistinguishable. 
A quantum state of the system for which no more than one molecule is 
in any cell m will correspond to N ! different scts of the N numbers m, 
differing only by permutation of the indices ». A Fermi-Dirac system, 
for which no two molecules may have the same quantum cell m, will 
have no states n for which any of the numbers N,, exceed unity. For 
an Ejinstein-Bose system the states n corresponding to some of the 
Nw’S exceeding unity will correspond to fewer than N ! different sets 
of m,’s, since permutations of the molecules in the same cell m do not 
lead to new sets. 

In either case, if the volume per molecule, V/N, and the temperature 
T are moderately high, the number of cells m in any energy range Ae 
will exceed the number of molecules of this range so greatly that the 
quantum states of the system for which two or more of the molecules 
have the same value of m will be a negligible fraction of the states. 
Only in this case can the calculation be performed easily. One may 
then use equation (15) for H, in (14), and sum over all values of m, 
for each v, dividing the sum by N ! to correct for the fact that approxi- 
mately N ! different values of the m,’s, all with the same total energy, 
correspond to one state n of the system. This means that the mole- 
cules are treated as statistically independent, and must lead to the 
equations of a Boltzmann system. 

One obtains, as an equation for the partition function Q of the system, 


Q oa s Ye tm! = i Yen tt ‘ 
N Va. NiLa 


Since Ye ‘=*" is just the partition function Q of the molecules, (6. 8), 
m 


this leads to 
(10. 16) Q = —Q’. 
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Using (16) for Q in (13) for the work function A, with the Stirling 
approximation for the logarithm of the factorial, one obtains 


(10. 17) A =kTN(InN — 1 — InQ). 


Since kTN = PV for the perfect gas, and F = A + PY, the equation 
for the free energy F is 


F=kTN(InN — 1nQ), 


and for the chemical potential 4 = F'/N, for this one-component sys- 
tem, 


(10. 18) w= kT(nN — InQ). 


This is identical with equation (6. 9) for u in terms of the partition 
function Q per molecule, which was the starting point for the derivation 
of all the equations of the perfect gas. 


10d. Systems of Fixed Energy 

The equation for the work function A as derived from the method 
of Chapter 4 for a system with given fixed energy E appears, at first 
sight, to differ from (13). In this section it will be shown that the 
equations are numerically equivalent for large systems, and the seem- 
ing discrepancy will be discussed. 

The entropy S of a system of fixed energy is S = k In Q(E), in which 
Q(#), the number of quantum states of the system, is a function of the 
energy EH. For the work function, A = EH — T'S, one may write 


(10. 19) A = —kT In [Q(E)e*/*7j, 


i 


where the temperature T = (0S/0E)7' is determined by 


1 , dinQ(#) 
(10. 20) 7 k ya 


In equation (13), that A = —kT 1nQ, with (11) for Q, it is seen 
that, since for the large systems considered here Q is a continuous func- 
tion of the energy, the sum (11) may be replaced by an integral, and 
A may be written as 


(10. 21) A = —kT In | z * Q(E)e-2/*T az | 


226 SYSTEMS OF DEPENDENT PARTICLES [Sec. 10d 
The integrand of this integral has a maximum value when 


) 
5B [Q(E)e#47) = 0 


or 
0 In Q(E) 


I 
Eg) pete nae ap 


(10. 22) 7 7 


Equations (22) and (20) are identical. Equations( 21) and (19) for A 
differ in that (21) gives A as —kT times the logarithm of an integral, 
and (19) as —kT' times the logarithm of the largest value of the inte- 
grand. Equation (19) gives the value of A for a system of fixed energy, 
whereas (21) gives A for a system in contact with a heat reservoir the 
temperature of which is such that the average value of the energy of the 
system is the same as that used in (19). 

For systems of macroscopic size the value of the logarithm of the 
integral Q, and that of the greatest value of its integrand, are numer- 
ically equivalent. This may best be illustrated by considering a 
simple example. 

A system with a constant heat capacity, Cy = Gk, has the energy 


(10. 23) KE = GkT. 


T 
The entropy S is f CydinT or GkInT—C. The number of 
0 


quantum states 2 = e’’* is therefore proportional to T%, or from (23) 
to E°, We may write 


(10. 24) Q(E) = ak®, 
With this equation for Q(#) the integral Q, in the expression (21) 


for A, is 


iv @) 
(10. 25) Q = f aKe-2AT dk = a(kT)HG 1, 


0 
and A, using the Stirling approximation for In G ! in (21), becomes 
(10, 26) A = —kT[Gln GkT —-G+Ina+In kT]. 

The alternative expression (19) for A leads to 
(10. 27) A = —kT[G in GkT — G+ Ina]. 


The difference between (26) and (27) is only in the one term In kT, 
whereas a term Gln kT occurs in both. Now if the system contains 
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approximately a mole of material the number G is of the order of mag- 
nitude of the number of molecules, or about 107°. In this case it is 
clear that equations (26) and (27) do not differ numerically by an 
appreciable fractional amount. 

The reason for the numerical equivalence of the two forms (19) and 
(21) for A lies in the enormous steepness of the function Q(E)e—#l*? 
around its maximum value. This will be further discussed in the next 


section. 


10e. Energy Fluctuations in Systems of Fixed Temperature 

From equation (7), with 6 = 1/kT, it is evident that the number of 
systems of the ensemble with energies between HK and EH + dE, and 
therefore the probability that a system of the temperature T has an 
energy of this range is proportional to 


Q(E)e*/*? dk. 
For the system considered in the last section the function 0(£ 
has its maximum at E, = GkT, and Q obeys the equation Q = aE®, 


The ratio P, of the value of the function for the energy E,(1 + A) to 
the value at E,, is 


en 


Py = (1 + A)%e™ 
In Py, = Gln (1 + A) — GA. 


Expanding In (1 + A) = A — A?/2+.---, for small values of A, one 
finds 

AZ 
(10. 28) InP = og 


Numerically, if G = 1073, for A = 1078, one finds that InP, = —10’, 
and P, = ¢7 1%, 

We see that, for a system containing approximately a mole of material, 
the chance P,, per unit energy range, of observing it to have an energy 
differing from its most probable energy by one part in a hundred million 
ise 1°, For all practical purposes the energy of a macroscopic system 
of fixed temperature is constant. The integrand of the function Q is 
seen to have an enormously steep maximum at the most probable energy. 

However, equation (13) for the work function A of a system with 
fixed temperature is not limited to large systems. It therefore relieves 
a logical difficulty inherent in the treatment of Chapter 4. As has 
already been discussed in section 4f the value of the entropy defined by 
S = klnQ is incompletely determined owing to an uncertainty in the 
energy of the system. The corresponding uncertainty in S is frac- 
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tionally negligible for macroscopic systems, but precludes the use of this 
equation for the entropy of a single molecule if its energy is known. 

The whole procedure of Chapter 4 is essentially limited to large sys- 
tems. This is entirely in agreement with thermodynamics, which 
assumes strict functional relationships between energy, temperature, 
volume, and entropy, and is consequently also applicable only to macro- 
scopic systems. 

The method of this chapter, which is adapted from that of Gibbs, 
allows us to calculate the thermodynamic properties of a system in equi- 
librium with a heat reservoir of macroscopic dimensions, quite inde- 
pendently of the size of the system concerned. 

The thermodynamic properties are all then functions of the temper- 
ature. The value of the energy so calculated, for instance, 1s the aver- 
age energy, and not an energy which the system will certainly be 
observed to have if removed from thermal contact with its surroundings. 
The temperature is defined only in terms of the sum of the system and 
the heat reservoir as TJ’ = (0S/0E)7', which is legitimate as long as the 
heat reservoir, at least, is large. 


10f. The Semi-Classical Expression for Q 

The classical equation for the partition function of the system Q, as 
for the partition function Q of the molecules, equation (6. 48), is an 
integral over phase space. 

If the number of degrees of freedom of the system is f, there are f 
200rdinates, q1,:°:, gf, and f momenta, p1,::+-, pr, conjugated to the 
20ordinates, which together form the phase space of the system. In 
this space, the volume W measured in units of A’ includes W quantum 
states, provided that the volume W is large enough in all dimensions 
ind that there are no identical particles in the system. If there are 
V; identical atoms of kind 7, the number of quantum states Q is 


W 1 
10.29) 8 = T= 


Aqm::: Ags: Ap, --+ Apy, 


f each of the products Ag, Ap, is large compared to h. The division 
4 Tiv ; ! 1s necessary because permutations of the numbering on the 


toms lead to this many corresponding regions of the classical phase 
pace which are physically identical and indistinguishable and corre- 
pond to but one quantum state.* 


* The division by IIv. 4! is not correct in regions where all the coordinates and 


% 
10menta of one particle have the same value as the corresponding ones of another 
article which is identical with the first. This is a region for which there are no 
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Provided that the energy, or Hamiltonian, H (p,q), varies negligibly 
compared to kT for all changes Aq, Ap, = h, the sum (14) for Q may be 
replaced by the integral 


1 ee 
(10. 30) Q = ana I fe H(pa/k? oo, -+ + dpy. 


Except for the factor in front, this integral is the classical Gibbs phase 
integral. We shall refer to expression (30) as the normalized phase 
integral, or simply the phase integral. 

If the Hamiltonian is separable as a sum of terms, each of which 
includes one or a few only of the various pairs of conjugated coordinates 
and momenta, and these variables occur in no other terms, the integral 
becomes a product of simpler integrals. Of course, in this case, the 
quantum-mechanical sum also becomes the product of simpler sums, 
and, as in the case of the partition function of the molecules, the func- 
tion Q can be written as a product of terms. 

For some of the coordinates the change Aq, Ap, = h may result in 
a change of H(p,q) which is appreciable compared to kT. For these 
coordinates and momenta the summation over the quantum states 
must be used instead of the integral form (30). If the other coordinates 
and momenta occur separately in the Hamiltonian the integral form 
may be kept for them alone. 


10g. The Configuration Integral Q, 

If the Cartesian coordinate system is used for the N point particles 
making up a system, and if as is usual when magnetic forces are neglected 
the potential energy depends on the coordinates only, the Hamiltonian 
contains the momenta only as the sum of 3N terms of the type p?/2m,, 
in which m; is the mass of particle. Equation (30) may then be inte- 
grated readily over the momenta, leading to the product of 3N integrals, 
each of the type 


+0 
(10. 31) f en PIE dy = (Quem, kT)"2, 


io) 


quantum states at.all if the wave function is antisymmetrical in permutations of 
these particles, Fermi-Dirac systems. If the wave function is symmetrical, Einstein- 
Bose systems, the number of states will be greater than given by (29), since the per- 
mutation of the two identical particles, which never leads to a new quantum state of 
the system, also does not lead to a different region of the classical phase space in this 
case. 


230 SYSTEMS OF DEPENDENT PARTICLES [Sec. 10h 


The equation for the normalized phase integral may then be written 
as 


(10. 32) Q = 1 ( 


ener Q. 
h? TIN,! 


The configuration integral, Q,, is defined as 


(10. 33) Q,. = f f wae f e URE ee dry, 


(10. 34) dr, = dx, dy, dz,, 


and U(q) is the potential energy of the system as a function of the 
coordinates. 

This integral, the integrand of which is the exponential of the nega- 
tive potential energy divided by kT, and which is extended over the 
configuration space of the system, is the only volume-dependent. portion 
of the normalized phase integral Q. 

The product p, + q of any coordinate q, with its conjugated momentum 
p, has the dimensions of energy multiplied by time. This follows 
from the definition of p, as 07 (q¢,¢)/0q,, in which 7'(q,q) is the kinetic 
energy expressed as a function of the coordinates gq and their time 
derivatives g. As long as the units of energy and time are kept fixed 
the element of volume in the phase space, dg, - dp, +++ dgs + dps remains 
unchanged by a transformation to new coordinates with their con- 
jugated momenta. The element of volume in the phase space divided 
by h’ is dimensionless. 

The volume clement of the configuration space, dx, dy; dz, °°: 
dxy dyy dzy, of dimensions length to the power 3N, is not, however, 
generally given by the expression dq, ---dq,s, for generalized coordi- 
nates g, but can be expressed as some function of the q’s, the Jacobian, 
times this product, f(q) dq, -- - dqy. 

Equation (32) giving the relationship between Q and Q, was derived 
using the Cartesian coordinate system, for which the integration over 
the momentum space could be easily performed. However, the func- 
tion U(g), the potential energy of the system, may become much more 
simple in some coordinate system other than the Cartesian. In this 
case the configuration integral Q, may be integrated in the generalized 
coordinate system, but care must be taken that the correct expression 
for the volume element of the configuration space is used. 


10h. The Probability of a Configuration 
The quantity N,/N, the ratio of the number of systems in the region 
j to the total number of the ensemble, is the probability P; that any 


Eq. 10. 39] PROBABILITY OF A CONFIGURATION 231 


randomly chosen system will be found to occupy one of the quantum 
states of the region 7. From (7) this is 
N; 1 


(10. 35) P,= a = 0 Qe Bi FT, 


The probability P, of finding a system in the single quantum state 
n is 


N 
(10. 36) P, = 7% = — @ An/tT 


The probability that a system, known to be in the quantum state n, 
is at a certain place q in the configuration space formed by the f coordi- 
nates q, is, per unit volume of the configuration space, given by the 
square of the wave function, | ¥,(q) |. The wave function is, of course, 
normalized, so that the integral of | ¥,(q) |? over the configuration space 
is unity. 

The multiplication of P, in (36) by | ¥,(q) |?, and summation over 
all quantum states of the system, gives the probability, P(q), of finding 
the system in any quantum state whatsoever, but in the spatial part 
q of the configuration space, 


1 ‘ 
(10.37)  P(q) drys ++ dry = oun | Yalq) |? dry +++ dey, 


where the symbol dr, = dz, dy, dz, is used for the element of the con- 
figuration volume due to the 7th particle. 

This expression may, of course, be integrated over any portion of the 
configuration space to give the integrated probability of that portion. 
Since the integral of | ¥,(q) |? over the whole configuration space is 
unity, and De “2/4? = Q, it is seen that the integral of (37) over the 

n 


whole configuration volume of the system is unity. 
The classical equation for the prohability P(p,q) of finding the sys- 
tem in any part p, g of the phase space is obtained from expression (30), 


1 7 
(10. 38)  P(p,q) dp dg = WIIN,10 eH (p.a/kT ay dq, 


The classical expression for P(q) analogous to (37) may be obtained 
from (38) by integration over the momenta, and can be seen to be 


(10. 39) P(q) dr, --- dry = ail dr, -+: dry. 


td 
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10i. An Alternative Derivation 

We shall now undertake an alternative derivation of equation (38) for 
the probability of finding a general system of known temperature in a 
given portion of the phase space. This derivation avoids the use of 
the ensemble, although the method is somewhat similar to that employed 
previously. 

We use, as before, our knowledge, derived in Chapter 4, of the prop- 
erties of a system of constant energy, and also, this time, our knowledge 
of the thermodynamic equations of a perfect monatomic gas. The 
transition from the system of constant energy to one of known temper- 
ature is made, as before, by considering a system a in equilibrium with 
a very large reservoir b, the combination of system plus reservoir having 
constant energy. If the system and the heat reservoir were independent, 
the Hamiltonian and energy of their sum would be the sum of the 
Hamiltonians and energies, respectively, of the two parts. A weak 
interaction between the two systems is assumed, however, which offers 
a mechanism permitting energy to flow from one to the other, but which 
is not great enough to influence the assumption of additive energies. 
The probability that the system a is in a certain portion of phase space 
is therefore influenced by its contact with the reservoir 6. It is neces- 
sary, consequently, to know something about the properties of b. 

In the method followed in section 10b the properties of the reservoir 
were determined by the assumption that it consisted of an ensemble 
of systems identical in character to a. In this derivation the properties 
of the reservoir are fixed by the assumption that it consists of a perfect 
monatomic gas, the equations for which have already been derived. 

Since the behavior of a depends only on its external variables the 
limitation on the character of the reservoir is inessential. The nature 
of the reservoir is fixed only in order to determine explicitly the analyt- 
ical expression for certain quantities entering into the equations derived 
for a. The results are perfectly general for the system a in contact 
with any heat reservoir determining its temperature. 

The calculations will be carried out assuming the system a to obey 
the classical equations. It is clear that the derivation for a quantum- 
mechanical system would be very similar. 

The symbols p and q will designate values of the complete set of 
momenta and coordinates for the combined system a and reservoir b, 
Pa and gq those of a, and pp and g, those of the reservoir 6. The 
Hamiltonian and energy of the combined system are the sums of those 
of the parts: 


(10. 40) H (p,q) = Ha(pada) + Ho(pv,90), 
E=E,+ &. 
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The classical phase volume W,AE of the system for a given range, 
AE, of energy, between # and E + AE, for the combination of the two 
parts a and J, is 


E+AE 
(10. 41)* W, AE = J aie 


where the integration is to be taken over all values of p and q between 
the energies F and EF + AE. 

The probability P Ap Ag that the combined system of constant energy 
is in the region Ap Aq of phase space is 


(10. 42) P Ap Aq = Ap Ag. 


1 
Wy, AE 

We now wish to find the probability, Pa(pa,da) Apa Ada, that the 
part a of the combined system is in the region of phase space between 
Po and pa + Apa, Ga and ga + Aga. This function Pa(pe,ga) is found 
by integrating P of equation (42) over all values of p, and gp which are 
consistent with the values of pz and gq of the part a, and also with the 
condition that the total energy of the combined system lies between 
E and E+ AE. The only way in which the values of the momenta 
and coordinates of a limit the values of those of the part 6 is through 
the condition that the total energy lies between FH and E-+- AE, that is, 
by limiting the energy of b to lic in the range between EH, and Ey + AE, 
where 


(10. 43) E, = E — Ha(pa,Qa). 
By introducing the symbol W,(E;), defined as 
pte 
(10. 44) W,(H#,) AE = f dp» dq, 
Ey 


the integration to be made over the whole phase space within the 
indicated energy range, one finds 
WE —H ( ’ a)] 
(10. 45) Pa(pa,9a) APa Aga = eae aia Apa Ada. 
The quantity Wz in the denominator of (45) may be evaluated by 
first integrating (41) over the momenta and coordinates of the part 6, 
* The symbol W is used here for completely classical phase volume, uncorrected by 


division with hf or IIN. The inclusion of these normalizing factors would only add 
to the complexity of the equations and would completely cancel in the end. 
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which, with the use of (44), leads to the equation: 
(10. 46) We = f WilE — Ho(Pete)] dPe Me 


in which the integration can be extended over all energies of the sys- 
tem a, as long as 1t is understood that the function W, becomes zero 
for negative values of its argument. 

At this place the properties of the reservoir 6 will be used. If 5 is 
assumed to be a perfect monatomic gas consisting of N; molecules, the 
quantity W», is proportional to the surface of a 3N, dimensional sphere 
of radius (2mE,)'/? (section 5d). Thus W, is proportional to the 
3N;,/2 power of its argument E,, 


(10. 47) Wilk — HalPaga)] = AX[E — Ha(Pa;qa) 2**?. 


Equation (47) being taken with (46) in (45), the proportionality con- 
stant K is seen to cancel in numerator and denominator. Dividing 


both numerator and denominator by H3%?/? one obtains 
1- Ha(PaQa) 3N 9/2 
1D 


(10. 48) Palpada) APa Aga = Apa Aga. 


i Hy Aya ee 
fi ~~ aes te dpa da 


We now go over to the limiting case where the size of the reservoir b 
approaches infinity, for only in this event will the temperature of the 
system a be completely determined. The energy of the combined sys- 
tem FE and that of the reservoir E, then approach the same value, and 
the temperature is determined by the equation 


(10. 49) ZNYkT =Khm@ EF. 
As N, approaches infinity the equation 


2 Ha(Pa ay ap ; 
10. 48’ ie ee = a(Pq%q)/kT 
( 3N, kT e 


becomes asymptotically valid. Use of these two equations in (48) 
leads to 
eal PaIa)/kT 
Pa(PaGa) Apa AGa = ———— Aa AQa. 
f e7 HalPa:%a) dpa a 


Introduction of Q, equation (30), shows this to be identical to (38). 
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10j. Summary of Thermodynamic Equations 
The partition function, or sum of states of a system, is 


ioe) 
(10. 50) Q = Leo Fa"? = Soe Fi"T = f O(E)e~=/*T ak. 
n j 0 


all quantum all regions j 
states n 


The classical expression for Q is that of the normalized phase integral, 


1 _ 
(10. 50’) Q= a ff: fe A(pa/k? da... dps 


-ol (aner\" /2 . 2 
i h N,! 


where Q, is the configuration integral, and N; is the number of identical 
particles of type z in the system. The configuration integral Q, is 


(10. 51) Q, = f J vee f e UA/kT dry +++ dry, 


where dz, = dz; dy, dz,, and U(q) is the potential energy of the system. 
The work function, also called the Helmholtz free energy, is 


(10. 52) A = —kTInQ. 


The derivative of A with respect to the volume is the negative of the 
pressure, 


; _ (94) _ 7 f9inQ 
(10. 53) P= (5°) - e( av ). 


or, since Q, is the only volume-dependent factor of Q, this may also 
be written 


; _ d1nQ, 
(10. 53’) P= zal aV ) 
The pressure-volume product, PV, is 
_ diInQ\ _ 0 In 2) 
(10. 54) PV = n(5 mm 2) = Kn(S inV/p 


The free energy F, which is the Gibbs free energy or the free energy 
at constant pressure, is A + PV, so that 


(10. 55) P= ee| —In Q+ (G28) |. 
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The derivative of the work function with respect to the temperature 
at constant volume is the negative of the entropy, 


so sx) nifna+ (29) ] 


The energy E is A + TS, 


dInQ din 2) 
| = kT*| ——) = ; 
(10. 57) E ( op : HT(5 in T)y 


which is the same as equation (8) with 1/kT replacing 8. The heat 
content H is E + PV, and so 


= dInQ dinQ 
(10. 58) H = en (5 in 3) + (3 a 2) | 


The heat capacity of the system at constant volume, Cy, may be 
obtained from (57) by further differentiation with respect to the tem- 
perature, as 


0 dinQ (3 In 2) (= In 2) | 
- 9 = —— 2 ——————— = Kk 2 ee ° 
ea am (sr) 7 oT : i din T ns oT? Jy 


CHAPTER 11 
THE CRYSTALLINE SOLID 


(a) The Crystal. (b) Harmonic Vibrations. (c) Classical Calculation. 
(d) Another Derivation of the Classical Formulas. (e) Quantum-Mechani- 
cal Treatment. (f) A One-Dimensional Crystal Model. (g) The Fre- 
quencies of Simple Isotropic Lattices. (h) The Debye Formula. 
(1) Deviations from the Debye Formula. (j) Strain and Stress Variables. 


lia. The Crystal 

In the solid state the distance between neighboring atoms or mole- 
cules is so small that the forces which they exert upon cach other are 
considerable. 

The investigation of the solid crystalline state is simplified by its 
great regularity. X-rays show that a crystal is in a state of complete 
order. A certain fundamental arrangement of a few atoms or mole- 
cules is repeated periodically in space. In an ideal crystal, therefore, 
the centers of the atoms form the points of a regular space lattice which 
is triply periodic, that is, periodic in three directions which are not in 
the same plane. 

If the lattice arrangement is stable, the lattice points must be equi- 
librium positions for the atoms, which implies that there must be no 
force acting on any atom, or, in other words, that the forces upon any 
one atom from all others must exactly cancel, if all atoms are at the 
lattice points. Moreover, all tensions must be zero, and the equilibrium 
position must be an energetic minimum. 

If the forces are known it can be decided by calculation which lattice 
is stable for a given substance. In practice the opposite procedure is 
usually employed, and from the observed crystal structure conclusions 
are drawn about the forces. This, however, is a purely mechanical 
problem and does not interest us here. In all calculations of this chap- 
ter the lattice structure is assumed to be given. 


1ib. Harmonic Vibrations 

Actually, the atoms are never at rest at the lattice points, but per- 
form small vibrations around these equilibrium positions. Let us 
denote the Cartesian coordinates of the deviation from the equilibrium 
position for each atom by £;, the index 7 running from 1 to 3N, if the 
crystal contains N atoms; let m; be the masses of the particles and 
Dex = m,t; the momenta. For small deviations &; from equilibrium the 
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potential energy of the system may be developed with respect to the 
t,’3. If we choose the potential at the equilibrium, ~; = 0, as the zero 
of energy, the development has no constant term. The linear terms in 
¢; must vanish, since it was supposed that no forces are acting upon the 
atoms in their equilibrium positions. The first terms arising are there- 
fore quadratic in the &,’s, and the energy may be written as 


3N 1 ‘ 3N 
(11. 1) H (p,€) = 2 a. Pe + 3 pe (456.6. 
i=1 2M; 4,j=1 


For small enough displacements cubic and higher-order terms may be 
neglected. The mechanical task of calculating the force constants a,; 
from the forces between the atoms is beyond the scope of this book. 

If, instead of the deviations £, of individual atoms, lincar combinations 
of £,’8 are used as coordinates, the potential energy in (1) expressed in 
these new coordinates remains a quadratic expression, and the kinetic 
energy a quadratic expression in the corresponding momenta. It is a 
theorem of mechanics, or rather of mathematics, that there exist 3N 
special independent linear combinations of the 3N &;’s, which are called 
the normal coordinates and shall be designated by q;. They have the 
property that, if (1) is expressed in the q,’s and the corresponding 
momenta p;, the potential energy contains no cross terms between two 
different q,’s, while the kinetic energy is a sum of squares, 


{ 3N 
(11. 2) H (p,q) = 5 (p? + 497v2q?). 


These normal coordinates are analogous to those used in Chapter 8 for 
polyatomic molecules. They differ only in that the mass factor before 
the momenta has been eliminated by a change of scale. 

The Hamiltonian is thereby expressed as a sum of 3N functions, each 
containing one of the coordinates and the corresponding momentum 
only. Morcover, these functions are the well-known Hamilton func- 
tions of a harmonic oscillator of frequency »; The v? are complicated 
functions of the force constants a,;._ If the crystal is stable, that is, if 
the energy for g; = 0 is a minimum, all »? must be positive. 


The equations of motion are 
: 0H ;. . 0H 


Ops 0g: 


and the classical solution 
qi = A; cos (27v,t + 4;). 


If only one normal coordinate q; is excited, the others constantly zero, all par- 
ticles in the crystal vibrate with the same frequency »; but with different ampli- 
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tudes, determined by the coefficients with which the displacement &, enters 
into gi. In a general state of vibration the motion of each particle is a com- 
plicated superposition of motions of different frequencies. 


Equation (2) shows that a crystal consisting of N strongly coupled 
atoms is mechanically equivalent to a system of 3N independent oscil- 
lators. The terms of third and higher orders in q; in the development of 
the potential energy, which were neglected in (1) and (2), introduce a 
coupling between the oscillators and make an exchange of energy 
between them possible. These deviations from harmonicity in the vi- 
brations establish the equilibrium distribution of energy between the 
oscillators. They play, therefore, much the same role here that the 
collisions do for the perfect gas. With increasing temperature, as the 
amplitudes of vibration become larger, it nay be no more correct to 
neglect these terms. Their influence on the specific heat, ete., of the 
crystal can then be calculated in essentially the same way that was used 
for molecular vibrations in Chapter 7. This is analogous to the fact 
that at high concentration in a gas the forees between atoms give rise to 
deviations from the perfect gas law. 

Among the normal coordinates there will be three which describe the 
simple translations of the crystal as a whole along the three axes, 0é;, 
etc., and three which correspond to rotations around the center of mass. 
The forces counteracting these six motions are zero. It follows that six 
of the y,’s in (2) vanish, so that the second sum should be extended only 
over 3N — 6 terms. However, since six is a very small number com- 
pared to 3N, this difference may be neglected. 

A state n of the total crystal is determined by the numbers n; of 
quanta of vibration for each normal coordinate. Its energy, according 


to equation (2. 22), is 
3N 
(11. 3) E, = ¥ (n: + 3)hyi. 


The lowest energy of the crystal, when all n,’s are zero, is D3hv;. In 
treating the diatomic and polyatomic molecules the zero of energy was 
altered to give the lowest quantum state zero energy. We shall not 
follow that practice here. 
The partition function of the system becomes a product of the par- 
tition functions for each individual oscillator, 
3N 


QO = LenFat? = TT [Ye ne ty2/ary 
n 


t=l1 n,>0 
3N eh /2kT 


(11. 4) Q = Il 


rane SRT ye J 
fai (1 — 7 ™/*7) 
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These factors differ from the Q, used for molecular vibrations in the 
gas, equation (7. 19), by the multiple e~’”’**" originating from the zero 
point energy. One obtains 


hy; __ hy, /kT | 
(11. 5) nQ= -x | se +In(l—e ) 


In this formula equal atoms have been treated as unnumbered, and the com- 
plete identity of the atoms has been taken care of. For, if there are N equal 
atoms in the crystal, and if the position of each of these atoms is specified, all 
atoms are in different quantum states, owing to their different location, and the 
partition function of each crystal with a specified arrangement of atoms must 
be divided by N !. On the other hand, there exist N ! crystals which are out- 
wardly indistinguishable and differ only in the distribution of the N identical 
atoms over the lattice points. These two factors cancel. 


lic. Classical Calculation 

In classical mechanics the partition function Q is given by an integral 
over all coordinates and momenta. Since H (p,q), (2), is a sum of func- 
tions of one coordinate and momentum only the classical Q becomes a 
product of integrals cach referring to one oscillator only, namely, 


(11. 6) il =H ff” en (Pe the lal) /2kT 1. da. 
e Pi di- 
a -2 Y —0o 


Since all the oscillators are different the division by N !is omitted (com- 
pare end of last section). The integration can be performed immedi- 


+00 
ately. Since f et’ dx = (x/b)"/?, one obtains 
—~ oO 
N kT 3N =e 
(11. 7) Q= I ahaa wry ( II iv.) , 
t=1hp; i=1 
From this one derives the average energy of the crystal at the tempera- 


ture 7’, according to equation (10. 57), to be 
0) 
(11. 8) E = kT? (78) = 3NkT. 
oT Jy 


Here we encounter again the law of equipartition of energy: the system 
has 3N degrees of freedom; the energy depends quadratically on each of 
the 3N coordinates and momenta; the average energy for each coordi- 
nate and for each momentum at the temperature 7 is 3k7T. The heat 
capacity at constant volume is therefore a constant for all crystals, 
namely, 


oE 
(11. 9) Cy = (5), 3Nk. 
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If the substance in question is monatomic, the value of Cy for a mole of 
substance is 3R = 5.959 cal. deg.~’. This theorem is called the law of 
Dulong-Petit. Experimentally, direct determination of Cy is difficult. 
Cy is, however, connected with the easily measurable quantity C'p, the 
heat capacity at constant pressure, through the relation 


92VT 
(11. 10) (26; = — 


) 


in which a signifies the linear expansion coefficient, 


(11. 11) vn) 
“30 \aT)P 
and «x the compressibility, 
1 fav 
(11. 12) a 7(S5), 


This relation is based on purely thermodynamic considerations and may, for 
instance, be derived in the following manner. Cp is defined as the increase of 
the heat content, H = E + PV, with temperature, 


0H dE OV 
11. 13 Cpiet ey ai Poe) 
tai / 3) ey) +P (Fr), 
Since the natural] variables of the energy are V and S, the first term on the 
right-hand side may be transformed 


(in),~ (er)y* (sr), (Gr), 
- (in), * (ar), (sn), * (3s), (sr), (6n). 


By putting this in (13), using the definitions (9) and (11), and remembering 
that (OE/0V)s = —P, (0E/0S)y = T, one obtains 


(11. 14) Cp = Cy t sav (32) 
OV /r 


The term (0S/0V)7 may then be transformed by using 
(si), ~ Ge)em (ae) e (35) 
OV) r OS/r OP/7r\0S/r 


With definition (12) we obtain 


8aT (dS 
Cp —Cy = — ar (2), 
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Finally, it follows from the form of the free energy, dF = V dP — S dT, that 
ar _ (av\ _ _(a8\ , 
dPdT OT] p OP/T 


and, applying definition (11) again, 
Ja2 VT 


C3.6= 


The value of Cy calculated from these experimental quantities is in 
excellent agreement with the theoretical one (9) for most monatomic and 
simple ionic crystals at room temperature. However, for all substances 
the heat capacity falls below this classical theoretical value at low 
temperatures and, indeed, approaches zero at the absolute zero. Classi- 
cal mechanics was unable to account for this. The explanation is given 
by the quantum-mechanical treatment of the vibrations (see section Ile). 
A few monatomic crystalline elements show deviations from the law of 
Dulong-Petit even at room temperature. These are diamond, beryl- 
lium, and silicon, which have some unusually large vibrational frequen- 
cies. In crystals containing di- or polyatomic molecules, for instance 
CO37” groups, the vibration frequencies of the molecule are so high that 
their average energy at room temperature is less than the classical value 
kT (compare section 111). 

The entropy of the crystal at room penne is, according to 
equations (10. 56) and (7), 


(11. 15) S=kinQ+F = 3ve| ner +1—20 5 In hy | 
t=] 


It is seen that for the calculation of the classical heat capacity of crystals 
the knowledge of the values of the frequencies is unnecessary. The fre- 
quencies, however, contain the volume dependence of the entropy and 
therefore play an important part if the equation of state of the crys- 
tal is to be determined. The product of the frequencies, which enters 
into the entropy, also has to be known if calculations of equilibrium 
between the crystal and other phases are made. 


1id. Another Derivation of the Classical Formulas 

The equations of the last section can also be derived by the methods 
developed in Chapter 4, in much the same way that those of the per- 
fect gas were derived in section 5d. 

The classical number of states of the system below the energy E is 
first determined. For 3N oscillators this is h~*% times the integral over 
all p,’s and g,’s subject to the condition that ¥ (p? + 427y79?) is less or 
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equal to twice the energy. If new variables 7; = 27v,q; are introduced, 
we find 


(11. 16) i Q(E) de = Sy (Il 5) f f- f idee 


Do prtn} <2Ek 
+ 


The integral on the right-hand side is the volume of a sphere of 6N 
dimensions and of radius (2F)'/*, Its value is (2re#/3N)3" (see 
Appendix AV). This leads to 


E a eE 3N it a 
(11. 17) J Q(E) dE - (=) Th (>. 


It is again seen that the logarithm of the number of states below the 
energy HE, In fQ(E) dH, and the logarithm of the number of states at the 
energy E, differ by the negligible term In (3N/E). The entropy as a 
function of energy and volume becomes 


3N 
(11. 18) S=kinQ = 3Nk (1+ 1n E —1n3N) —k&Z In Ap,. 
i=] 
The temperature is obtained by differentiating S with respect to EH, 
1 = sayy 3Nk 
T \oF KB’ 
(11. 8) EK = 3NkT, 


which is equation (8) obtained before. Inserting (8) into (18) we obtain 
equation (15) for the entropy as a function of temperature and volume, 


3N 
S = 3Nk(In kT + 1) —k & In hy, 
i=l 


1le. Quantum-Mechanical Treatment 

For the quantum-mechanical treatment In Q is given by equation (5). 
It is seen that all thermodynamic quantities are sums of functions, each 
referring to one oscillator only. The average energy of the crystal at 
the temperature 7’ becomes, according to equation (10. 57), 


3N [] h 
(11.19) H=kT? (2 2 =), = >|; hy; + ge “STK —| 


a=1 


upon introduction of the abbreviation u; = hy,/kT. The constant 
term in (19) is the zero point energy of the oscillators, which remains at 
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the absolute zero of temperature. The heat capacity at constant volume 
is 


ak a 
11. 20 Cpe (=) =k Da 
Use) y (=), PCL 
and the entropy, according to equation (10. 56), 


E 3N ii 
(11. 21) S=kinQtFZ=kE| — mle) + : | 
tm] 


es — | 


For high enough temperatures these three expressions, (19), (20), 
(21), go over into the corresponding classical ones (8), (9), and (15). 
For, if kT is large compared to the difference between energy levels for 
every oscillator, kT > hy;, u;<1, a development with respect to wu; 
may be made and higher powers neglected. One then obtains 


3N uz 
(11. 19’) BearEli+es...| 


t=1 


— 4 as l 2 
= 3Nk7 E + 30N = us + | 


The zero point energy is precisely canceled by the term in the develop- 
ment which is linear in u,, and the first correction term goes to zero as 
T at high temperatures. The heat capacity is 


] 
(11. 20’) Cy = 3Nk| 1 See |. 
The expansion for the entropy becomes 


3N l : 
(11. 21’) s=kE[1-inwt Pa] 


~~ Uy 
s=1 24 
3N ] 
= 3NK(L +n kT) —k ZX E hg — sp + | 
t=! 


It is seen that the quantum-mechanical equations have the classical 
ones as the limiting case for high temperatures. Since it is known 
experimentally that the heat capacity has reached the classical value 
even at room temperature for most substances one must expect the 
lattice frequencies to be very low compared to molecular frequencies. 
The decrease of the heat capacity at lower temperatures is correctly 
predicted by the quantum-mechanical formula. As the temperature 
tends to zero, the average energy content of the crystal approaches the 
zero point energy, and the heat capacity approaches zero. From (20) 
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it is seen that the contribution of any one frequency to Cy decreases 
exponentially as kT becomes much smaller than hy;, that is, as u; becomes 
very large. In that case the unity in the denominator may be neglected 
compared to e“, and the additive part becomes kuze™*, in which the 
exponential term is overwhelmingly important. However, the experi- 
mental heat capacity of the crystal docs not decrease as rapidly with 
decreasing T at low temperature, but only with about the third power of 
the temperature. This shows that it is impossible to approximate the 
behavior of the crystal by oscillators of one or of a few frequencies only. 
Some of the crystal frequencies are extremely low and are classical even 
at very low temperature, so that the dependence of the sum of terms in 
(20) on the temperature is different from that of any single term. The 
detailed calculation of the frequencies in section 11g bears this out. 

The partition functions for the individual oscillators have, of course, 
the same form as those obtained for the vibrations of di- and polyatomic 
molecules, Chapters 7 and 8, except for the zero point energy. A 
physical difference is brought in through the order of magnitude of the 
frequencies. In this section the zero point energy of vibration has been 
taken into the energy content, (19) and (19’), since it cancels out for 
fully excited vibration. 

It is interesting to note that if all 3N frequencies of the crystal were 
assumed to be identical, the thermodynamic functions of the crystal 
would be the same as those for the vibrational contribution to 3N 
identical diatomic molecules. One then finds the simple equations: 


1 F 
1.19”) E= BNET 5 u + “= |: 
2 e“ — | 
(11. 20") Cy = Nk, ee 
° y> od (e" _ 1)2? 


U 


=|. 

These are referred to as the Einstein equations for a crystal, and 
(20’’) is the Einstein equation for the heat capacity, the same as that for 
the vibrational contribution of one frequency to the independent mole- 
cules of a gas. Under this simple assumption of equal numerical value 
to all 3N frequencies of the crystal Einstein* had first explained the 
observed decrease of the heat capacity below the Dulong-Petit value of 
3NkT at low temperature. 


* Albert Einstein, Ann. Physik [4], 22, 180 (1907). 


(1.21”) Ss = 3vk| —In Ue) + 
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In the following sections the problem of determining the actual fre- 
quencies, or, more properly speaking, the number of frequencies i in a 
given frequency range, will be attacked. 


.11f. A One-Dimensional Crystal Model 


The frequencies of a general three-dimensional lattice can be determined 
only with the use of various approximations. Before discussing these we wish 
to treat a simple crystal model which is not realized in nature, but which shows 
the essential characteristics of a general lattice without cumbersome mathe- 
metics.* This model is the so-called one-dimensional crystal. 

Consider N point particles arranged on a line, the x axis, and restricted to 
move along that line only. The particles will be numbered according to their 
position, from left to right, by indices ¢ running from 1 to N. It will be 
assumed that neighboring particles only act upon each other with a potential 
energy depending on the distance between them, (2:4; — 2;). The total 
potential energy of the N points is then given by 


N-1 
(11. 22) U= 2 (xit1 — 23). 


If the points are placed equidistant the forces acting on any of the middle 
particles from both neighbors cancel. A stable equilibrium is reached only if 
there are also no forces acting on the two end points, a condition which deter- 
mines the distance a between the points by the relation 


(11. 23) (42) = 0, 


It follows that the minimum of potential energy is obtained if the particles form 
a regular one-dimensional lattice. With suitable choice of the arbitrary zero 
point of the x axis, the equilibrium position of the first particle is x, = 0; of the 
ith particle, 4; = (i — 1)a. 

A small displacement of the ith particle from its equilibrium point shall be 
denoted by &,. The potential energy (22) may be developed with respect to 
these quantities. The linear terms vanish on account of (23). If all terms 
higher than quadratic in the é’s are neglected, the potential energy becomes 

N-1 


(11. 24) U = (N — 1)¢(a) + 3 $”"(@) >» (Ein — &:)?, 


where the symbol ¢’’(a) is used to denote the second derivative of @ with 
respect to r at 7 = a. We shall now make the further assumption that the 
masses of all particles are equal. The equation of motion for the ith particle 
in this potential is then given by 


(11. 25) mi, = — xe = $'(a) (Reta + 8-1 — 28). 


* M. Born and Th. von Karman, Phystk Z., 18, 297 (1912). 
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For the two particles at the ends, 1 = 1 and 7 = N, the equations are some- 
what different. 

The equations (25) for different values of 7 are satisfied by a motion corre- 
sponding to a standing wave, namely, 


(11. 26) £; = sin ke + “| A sin 2rvt 


= sin | (1 —1)+ a| A sin 27rvt. 
Inserting (26) in (25) leads to 


—4n*y?mé; = (a) 2 cos = _ 2| &, = —¢''(a) 4 sin? (=*) gi, 


or 


(11. 27) y= 2(e@y" sin 
m ny 


T 


Not the whole course of the wave function (26), but only its values at isolated 
points z; = a(z — 1), are of physical significance. It is seen that waves of wave- 
length ’ with a/N’ = (a/X) + 1 or with a/dX’ = 1 — (a/d) give rise to exactly 
the same displacements £; at every lattice point as those of wavelength \ (in 
the latter case with opposite sign, different phase). From (27) it follows that 
they also have the same value of v?. It is therefore sufficient to restrict our- 
selves to wavelengths with (a/A) < 4, or\ 2 2a. The frequencies take on all 
possible values which the function (27) can have as A goes from infinity to 2a. 
To the shortest wavelength \ = 2a corresponds the highest frequency, 
y = (1/7)[p”’ (a)/m}'/2.. The mode of this vibration is such that neighboring 
particles have opposite amplitudes; the distance between nodes is 3A = a, 
equal to the distance between particles. The occurrence of this smallest wave- 
length is characteristic for the lattice structure in contradistinction to a con- 
tinuum for which no lowest wavelength exists. 

To avoid the complications arising from the ends we shall assume that the 
two end points are fixed in their equilibrium positions, that is, &1 = Ey = 0. 
As in the case of the vibrating rod, to which this problem has great similarity, 
this border condition of clamped ends influences the types of vibrations, but 
not the distribution of the frequencies. Besides, it reduces the number of 
degrees of freedom by two, which is of little importance since N is assumed to 
be a very large number. One of the types of motion excluded this way is the 
simple translation along the 2 axis. 

The border condition that the waves have nodes at the ends is taken care of 
at 1 = 1, x; = 0 by choice of the phase factor a = 0 in (26). Att=N it 
imposes 


2(N — l)a _ : 


27a 
in-— (VN — 1) = 0, : 
sin" ( r 
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where n is a whole number. The distance between nodes, that is, half the wave- 
length A, must be equal to the length of the lattice, (N — 1)a, divided by an 
integral number. 

For a one-dimensional continuum of length L all possible displacements, sub- 
ject to the conditions that the ends remain fixed, can be represented by linear 
combinations of functions sin (rnxz/l_), where n goes from 1 to infinity. The 
amplitude factors of these functions represent the components of the Fourier 
development of the displacement. They may therefore be used as coordinates 
for the description of the system. If the mass is discretely distributed, accord- 
ing to the previous discussion, the functions sin [rn(1 — 1)/a(N — 1)] with 
1<n<WN —1 suffice; every conceivable displacement of the N — 2 inner 
mass points may be expressed as a linear combination of these N — 2 functions. 
The amplitudes of the wave functions may therefore be used as coordinates, 
and the equations of motion show that they vary periodically in time. The 
normal coordinates are 


_f{ mN\"S , me 
w= (95) 5 | Wo : 


= 1/2 
= | Se ad A, sin 27v,t, 


where A, are the amplitudes in (26). The normalization factor in front has 
been chosen such as to make the kinetic energy a sum of squares in the momenta 
Da = Qn Without mass factors, in agreement with (2). 

The N — 2 frequencies are 


”" 1/2 
(11. 28) vn = 2) .@ ia) i ~, l<n<N —-2. 


For the very low frequencies one may replace the sine by the argument in (27) 
or (28) and obtain 


vf j 
(11. 29) De aa je] - 


m 


It is seen that in a large lattice there exist vibrations of extremely low fre- 
quency. Physically, these motions represent elastic or acoustic waves. The 
quantity on the right-hand side is then the velocity of sound. For decreasing 
wavelength, when (29) ceases to be valid, the velocity of sound is dependent 
on the wavelength. However, if one uses (29) up to the shortest wavelength, 
an approximation which has to be made for the general crystal, the error made 
is not very large. The highest frequency would then become 3$[¢” (a)/m]!/? 
instead of (1/7)[¢”’ (a)/m]!/?, as obtained from the correct formula (28). 


1ig. The Frequencies of Simple Isotropic Lattices 
An approximative formula for the distribution of the frequencies of a 
simple three-dimensional lattice may be obtained following a method of 
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Debye.* Let us at first neglect the lattice structure entirely and treat 
the crystal as an isotropic elastic continuum. If, for simplicity, the 
crystal is assumed to have the shape of a cube with major axes parallel 
to the z, y, z axes, the proper vibrations of this block of elastic matter 
are standing waves, the displacements at any point 2, y, 2 being pro- 
portional to 


(11. 30) w(x,y,2) = Sin 27,2 sin 2rryy sin 277,2. 


The waves are characterized by vectors 7 with positive components 
Tz, Ty, Tz, Whose magnitude is inversely proportional to the wavelength, 
|7| =X. The standing wave is a superposition of the cight progres- 
sive waves of the same wavelength but different directions of propagation 
given by the eight vectors (-47,,--7,,+7,), which have the same 
magnitude, but different sign, of components as the vector 7. The 
nodal planes of the waves are parallel to the surface planes. The dis- 
tance between the nodal planes normal to the x axis is (27,)71. 

The border conditions at the surface determine the possible vectors 7’. 
We may either stipulate that there is no motion at all at the surface, 
that is, the surface particles are rigidly fixed, so that the wave function 
(30) must have a node there, or that the ends are free to vibrate and are 
therefore a place of maximum amplitude. In either case these con- 
ditions demand that the length L of the side of the cube, divided by the 
distance between the nodal planes normal to it, be an integer number, 


n namely, 
(11. 31) Meg Pt ee Ty oy’ ry 


To every wave vector 7’, (31), and function u, (30), there belong three 
different types of vibration, since the displacements may be in any 
direction in space. The three waves originate from the two transversal 
and one longitudinal progressive waves. In an isotropic medium the 
frequencies of the vibrations depend on the wavelength through the 
relation 


(11. 32) vyr == Von = Cty vgr = Cl, 


where ¢;, Cc; are the velocities of the transversal and longitudinal elastic 
waves. The (compressional) longitudinal wave is the sound wave. 

The number of longitudinal vibrations whose frequencies lie between 
y and »-+ Ay is then the same as the number of vectors 7 with 
v/a <| | < (& + Av)/c), or the same as the number of vectors ” with 


* Pp. P. Debye, Ann. Physik, 39, 789 (1912). 


250 THE CRYSTALLINE SOLID [Sec. lig 


positive, integer components nz, my, Nz, Whose end points lie in a spheri- 
cal shell determined by 


Be a + afin g Mt aD 


This latter number is asymptotically equal to one-eighth of the volume 
of the spherical shell, namely, 44(L/c,)*v? Av. The number of trans- 
versal waves in the same frequency range is twice the same expression, 
but with c,; in place of c;. The total number of vibrations with fre- 
quencies between v and » + Av is then, considering that L? = V, the 
volume, 


2 1 
(11. 33) N(v) Av = 4nV (2 +- 5) y? Ap. 
t i 


In a lattice the form of the vibrations is essentially the same as in the 
continuum. The displacements from equilibrium of a lattice particle in 
a simple harmonic vibration are proportional to the value of a standing 
wave, u, (30), at the equilibrium position. An essential difference 
enters, however, owing to the fact that now not the whole course of the 
function u, but only its value at discrete points, is of physical impor- 
tance. This introduces an upper limit for the components of the vector 7, 
that is, a lower limit for the wavelength. Motions with nodes closer 
together than the distance between neighboring particles may just as 
well be described as motions with smaller 7, greater distance between 
nodes, just as in the one-dimensional lattice. If the lattice contains 
N particles, there exist precisely N different wave vectors 7 which give 
rise to functions u which are different from each other at the N lattice 
points. This means that there exist 3N different modes of harmonic 
vibration, as many as the number of degrees of freedom. 

For motions with long wavelength the lattice structure plays no 
important part, so that (32) is still fulfilled. Only, now the velocity of 
the elastic waves will, in general, be somewhat different for different 
directions. For wavelengths comparable with the distance between 
particles, (32) breaks down completely. 

An approximate distribution of the frequencies may be obtained by 
assuming (32) to hold for all permissible wavelengths and directions of 
propagation. The velocity of the elastic waves must then be replaced 
by some average over the different directions. The distribution of fre- 
quencies is still given by (33). The lattice structure will now be taken 
into account by cutting (83) at a highest frequency »v,,, determined in 
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such a way that the total number of vibrations has the correct value, 


3N, namely, 
(11. 34) 3N = 4nV € -+- 5) | "dp 
0 


(34) may be used to eliminate the sound velocities out of (33), leading to 


2 
(11. 35) N(v) Av = 9N-~ Ay, 
3 
Vin 
for vy < Ym. 


1ih. The Debye Formula 

With this distribution (385) of the frequencies of the oscillators, the 
average energy of the lattice at any temperature 7’ may immediately be 
calculated from (19). The average energy of one oscillator 1s multiplied 
with the number N(v) Ay of oscillators with frequencies in the range Ap, 
and the product integrated over v from zero to Y,_ 


ON f'n hy 2 
B="; fo [5h + ae |» dy, 


This integral is abbreviated by the use of the symbol D(u) for the Debye 
function, 


ua 
(11. 36) Du)= =f eee 
Uvds9 OC 1 
in which 
hrm 98 hrm 
(11. 37) sr ee Gt 


The quantity 6 is called the Debye temperature, or characteristic tem- 
perature of the lattice. Using (37) in the equation for the energy, one 
obtains 


(11. 38) E= = Nim + 3NKT - p(Z), 
The first term is the zero point energy of the oscillators. 

The Debye function (36) is plotted in Fig. 11. 1. For purposes of 
numerical calculation one can find two series approximations to (86), 
one of which is valid at high and the other at low temperatures. The 
range of temperatures for which the two series converge overlaps. 
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At high temperatures u is small, and since the integral extends from 
zero to u, x is small throughout the range of integration. One can 
develop 


3 xr 3x3 


Bel WeTe e+ ee +e +e/10+—>) 


1 3 4 rou 
= (32? -l23 += - =. ), 
UW 


2 4 240 


and then integrate, obtaining 


1 
(11. 361) Diu) =1- = tou morc; us (u < 1). 


For low temperatures, u is large, and it is more convenient to trans- 


form to 
3 . x? dx i r® dx | 
pu) = 3] f= Oe ee 


The first integral is a definite integral having the value 14/15. In the 
second term x is large throughout the range of integration, and one can 
develop 


= g*e*% + x ae te 
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Integration of this leads to 


4 


| 9 18 . 18 
a1. 36”) Dw) = 5 - (3424444) 
U U UU 


Z+2+5+5)™ 
Pet aa 5 —_ | € . 
2 4u 4u?  8u3 


The energy of the crystal may then be written as 


9 ) 
(11. 39) B= Nhom + 3NKT- D (5) 


1 /@\? 1 /a\4 


oe ch ree 
= £Nhom + aver f= (F) aed 


for high and low temperatures. 
The heat capacity at constant volume is the derivative of the energy 
with respect to temperature. 


d 
Cy = 3Nk- D(> +) + 3NKT - =0(5): 


The derivative of the Debye function 1s 
d 6 1 d 
Se es ct a 
aT (;) ‘ae ae 


d 3 3 
(i) ee Dh) ee ee 
di u = 


and, from (36), 


1” 

so that 
| ane lan (2) . 30/T)} 
(11. 40) cy = awk l4p (5) — git — if 


At high temperatures the approximative formula is 


L 7) aa(3) «| 
(11. 40’) Oy = Bb {1 it er ed ea 
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which goes over into the classical 3NVk at sufficiently high temperatures. 
At low temperatures, 


’ _ Art T . 
(11. 40°") cy = ave [AX (2) -o 


Experimental measurements at very low temperatures bear out this 
proportionality of the specific heat to the cube of the tempera- 
ture. 

It is seen that the heat capacity (40), as well as E/NkKT, depend only 
on 6/T. By shifting the temperature scale the curves for various sub- 
stances should be brought into coincidence. 

For isotropic monatomic crystals the course of the experimentally 
observed specific heats is moderately well represented by a formula of 
the type (40). The values of 6, and therefore »,,, determined from 
thermal data, are in fair agreement with those obtained from elastic 
constants. The Debye temperature for most substances lies below room 
temperature. This is in agreement with the observed and calculated 
fact that the lattice frequencies, due to small force constants and large 
vibrating masses, are very small. 

However, careful comparison of the experimental heat capacity curves 
with those predicted by equation (40) shows consistent, although small, 
discrepancies. Actually the proportionality of the heat capacity to T° 
is observed for higher temperatures than would be predicted from the 
Debye equation. Blackman* has made a detailed calculation of the 
number of frequencies N(v) Av in a given frequency range for a three- 
dimensional cubic lattice. His method is an extension of that used in 
section 11f for the linear lattice. Blackman finds that the curve of the 
function N (vr) is fairly complicated, deviating very considerably from the 
vy law of equation (35), and even showing a maximum at a frequency 
considerably lower than », as well as the higher maximum at about vy, 
predicted in (35). It appears that the agreement with experiment 
obtained with the Debye function is partly fortuitous. 

For crystals which are not monatomic and isotropic, other, more com- 
plicated types of behavior occur. Qualitatively, some of these are pre- 
dictable. They give rise to heat capacity functions considerably differ- 
ent from Debye’s. The behavior of such lattices will be discussed 
briefly in the next section. 

The entropy, according to (21) and (35), is determined by 


6 3 6/T ie x ; 
s-one(>) ff | - inca ~« +572 dx. 


* M. Blackman, Proc. Roy. Soc., London, A159, 416 (1937). 
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Partial integration of the first term brings this into the form 
0 


(11. 41) S = 3Nk F . D(3) —In (1 — nh. 


At high temperatures this becomes 
= — 5) ala) es 7) 
oer? 8 = BNE}; MG) + alr) ~ aaa0\r) * 


At low temperatures the approximation is 


jp _ (5) | 
(11. 41’) $= ant |(7 4 


The work function A = KH — TS takes the form 


(11.42) A= = Nv + 3NkT fn Q—¢@/T) — ; D(>)h 


= lin (5) - 5 a (5) ~amo() | 
NED In \ a) — 3+ ao\P) ~ era0\7) * 


9 a* (T\3 
= g Nhvm — wer |= (7) +-- 7 ; 
which may also be derived from the relation A = —kT In Q. 
The Debye temperature @ depends on the interaction of the atoms and 
therefore on the volume V of the crystal. The pressure, 


OE dA 
= G9,--@), 


contains, therefore, d6/dV, a quantity which is not easily evaluated. 
The heat content H, and the free energy F, differ from E and A, respec- 
tively, by the term PV. However, the volume per molecule, V/N, in a 
crystal is very much smaller, indeed about one-thousandth, of that in a 
gas at room temperature and one atmosphere pressure. Except at high 
pressure the term PV is therefore about one-thousandth of RT per mole, 
and of little importance. 


11i. Deviations from the Debye Formula 

In the last two sections the transition from continuum to lattice was 
made without specifying anything about the type of crystal. 

The assumption was made, however, that the crystal be isotropic. 
If it is not. that is. if the velocity of sound is very different for prépaga- 
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tion in different directions, the distribution of frequencies is necessarily 
more complicated than (35), and the Debye formula must be expected 
to fail. This indeed happens. 

Simple, isotropic, monatomic lattices, although Blackman’s detailed 
calculation shows that the distribution of frequencies is not given very 
well by a formula of the type (35), still obey the Debye equation rather 
remarkably. 

The formulas of the last section may be used with some success for 
many crystals of simple ions, like the alkali halides. These substances 
form lattices in which each ion is surrounded by a rather large number 
(six or cight) of equivalent neighbors of the opposite charge. The forces 
acting upon the positive and negative ions are essentially the same, so that 
the modes of vibration are of the same type as in the monatomic crystal. 

The vibration with smallest wavelength and largest frequency in the 
lattice is that where neighboring particles vibrate with opposite phase. 
In ionic crystals like the alkali halides, neighboring particles are oppo- 
sitely charged. This fastest oscillation corresponds then to a large 
vibrating electric dipole moment and should therefore be capable of 
emitting and absorbing light. This is indeed the fact. These optically 
active frequencies of salt crystals are usually called Reststrahlen, or 
residual ray frequencies, after the method by which they were first 
observed. They are so far in the infra-red (optical wavelength between 
20 and 150,z) that optical absorption methods failed until rather recently* 
to disclose them. Rubensf discovered them originally by studying the 
selective reflection of salt crystals.{ 

Vibrations of slightly longer wavelength have slightly lower frequency. 
If the masses of the different ions in the crystal are equal, or nearly equal, 
as for instance in KCl, the optical frequencies of increasing wavelength 
go continuously over into the elastic frequencies. The optical fre- 
quency, vo, is then simply the highest frequency, »,, and may be used in 
the Debye formula (40) to calculate the heat capacity. The total 
number of degrecs of freedom is, of course, three times the total number 
of ions, or six times the total number of KCI molecules. 

If the masses of the constituent particles are different, however, the 
situation is more complicated. One finds then gaps in the frequencies, 
that is, ranges of frequency between the optical and the elastic frequen- 

* O. Reinkober, Z. Physik, 39, 437 (1926); M. Czerny, Z. Physik, 65, 600 (1930); 


R. B. Barnes, Z. Physik, 75, 723 (1932). 

1 H. Rubens and E. I. Nichols, Wied. Ann., 60, 45 (1897), and numerous later 
papers. 

t The laws of optics show that the frequency of the light which is selectively 
reflected is somewhat different from that which is most strongly absorbed; the latter 
is the true frequency of the vibrational motion in the crystal. 
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cies, which correspond to no lattice vibration. In the alkali halides, for 
instance, where one Reststrahlen frequency is observed, the lattice fre- 
quencies form two branches, each containing half as many vibrations 
as there are degrees of freedom in the lattice. The distribution of fre- 
quencies in the lower or elastic branch is given rather well by (85), 
replacing the number of ions, N, by $N. The frequencies of the upper or 
optical branch are all higher than the largest one of the elastic branch, 
and the highest of them is the Reststrahlen frequency. If the masses of 
the ions are very different all 3N/2 optical vibrations have closely the 
same frequency. 


The reason for this effect lies not in a difference of force constants but in a 
difference in the vibrating masses. For the motion corresponding to the Rest- 
strahlen frequency the vibrating mass is the reduced mass of the two kinds of 
particles, myme2/(m, + m2), which is smaller than the mass of either particle, 
and nearly equal to the mass of the lighter particle if m; and me are very differ- 
ent. The vibrations of the optical branch consist primarily of vibration of the 
different kinds of particles against each other, down to the vibration of the 
lighter particles alone. The elastic branch consists of vibrations in which 
neighbors move in phase, up to the motions of the heavier particles alone. 

This can be seen very clearly in the simple one-dimensional lattice. Assume 
the particles to have alternately different masses, m, and m2, with m > me. 
The break in the frequencies occurs at the wavelength \ = 4a, where every 
second particle is standing still. To this wavelength correspond two motions of 
exactly the same force constant but different frequency: for the lower one the 
heavier, for the higher one the lighter, particles vibrate alone. The frequencies 
are given by vy, = (1/7)[6’’(a)/2m}!/? and ve = (1/1) (6” (a)/2mz]'/? respec- 
tively, since sin (4/4) = 27/2. There are 3N vibrations with longer wave- 
length, which have lower frequencies than 11, and 4N with shorter wavelength 
and higher frequency than v2, up to the highest with vp = (1/2)[’’ (a) (m + me) 
/2myme}"/?, 

In this case, a fair approximation for the specific heat may be obtained 
by representing the heat capacity of the oscillators of the elastic branch 
by a Debye formula containing 3N/2 vibrations. The frequencies of the 
optical branch may be considered to be identical to the Reststrahlen fre- 
quency vo, so that their heat capacity is given by 3N/2 times the average 
heat capacity of one oscillator. The energy of the crystal is similarly 
calculated as the sum of two parts, each contributed to by 3N/2 degrees 
of freedom, 


9 3 9 
(11. 43) E = agin + gut -P(3) 


hvy/kT 
+* Nan +5 5 NEP 
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The Reststrahlen frequency is of the same order of magnitude as v», 
so that the heat capacity of these substances at room temperature has 
the classical value, kT times the number of ions. 

Still different are molecular crystals, or crystals which contain molecu- 
lar ions, for instance, COg~ groups. The forces within the molecules 
are usually much stronger than those between the molecules. The shape 
of the molecule or ion complex remains, therefore, essentially the same 
as In the gas or in solution, and the molecular frequencies, at least the 
higher ones corresponding to the stretching of bonds and not to bending, 
are but little influenced by the fact that the molecule is cemented into 
the lattice. The molecular frequencies are so much higher than the 
lattice frequencies that their contribution to the heat capacity at room 
temperature is very small. The contribution of the true lattice fre- 
quencies may again be represented by a Debye curve. 


11j. Strain and Stress Variables 

The Debye equation gives the thermodynamic properties of the 
crystal as a function of temperature in terms of one parameter, vm, or 8, 
the maximum frequency of the crystal in question. It is tacitly assumed 
that @ is not a function of temperature, and the volume dependence 
of @, and therefore of the thermodynamic functions, has not been dis- 
cussed. 

Previously we have dealt only with gases, which are fluids, having the 
characteristic that their thermodynamic properties depend only on 
temperature and volume, and not on the shape of the containing vessel. 
A crystal, on the other hand, resists efforts to distort its shape, as well as 
changes of the volume alone. The thermodynamic properties of the 
crystal, then, depend on other extensive variables than volume, variables 
that have to do with the distortion of the shape of the crystal, the vari- 
ous strains. These strains are usually defined in such a way that they 
are intensive rather than extensive variables, just as the specific volume, 
or volume per mole, is an artificial manner of introducing an intensive 
property in place of the extensive total volume. 

There are, apparently, nine coefficients of homogeneous displacement 
in a rigid body. Consider a rigid body, with no outer forces acting on it, 
and a Cartesian coordinate system drawn from some point in the body as 
origin. If the body is subject to some stress, that is to some force tend- 
ing to distort it, a point in the body formerly at the position z, y, z will 
be displaced to a new position x + Az, y + Ay, z+ Az. Keeping the 
origin fixed, the displacement is said to be homogeneous if the displace- 
ments Az, Ay, Az are linearly proportional to the distances z, y, z from 
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Ax = x,4 + yzy + 222, 
(11. 44) Ay = x,t + yyy + Z,2z, 
Az = x,0 + yy + 222. 


the origin: 


The nine coefficients x,, - - - Z,, determine the type of displacement. 

Now a displacement for which y, = —Z, corresponds to a pure rota- 
tion about the z axis, and is not resisted by a restoring force. Similarly, 
displacements with x, = —z,orx, = —y, correspond to rotations about 
the y and z axes. Instead of describing the displacement by the nine 
coefficients x,, x,, etc., one might use Xz, yy, Zz, and $(y,+Z,), 3(Vzs—Zy), 
4(Z2 + Xz), o(Ze — Xz), 3(Xy + Ye), 3(Xy — Yz). The three coefficients 
+(yz — Zy), 4(Z2 — Xz), $(X, — Yr) determine the amount of rotation 
about the three axes, x, y, and 2, and the energy does not depend on 
these coefficients. 

The strain in the body, then, depends only on six coefficients, x,, y,, 
Zz, 3(¥z + Zy), ¥(Zz + Xz), 4(X, + yz). Instead of writing $(y. + Z,) 
it is sufficient to treat only displacements for which y, = Z,, $(Yz — Zy) 
= 0, etc., that is displacements for which the rotation is zero. 

A homogeneous strain in the body may then be described by the six 
coefficients: Xz, Yy) Zz) Yz) Zz, Xy, it being understood that always 
Yz = Zy, Zz = Xz, Xy = Jz. 

The total thermodynamic work function A, of a crystal, is the sum of 
the potential energy U, at absolute zero, and of the expression ~ NkT In Q, 
given by (5), or by equation (42) if the Debye approximation is used. 

The potential energy U at T = 0 depends on the six strain coefficients, 
Xz,‘**X,, and may be calculated from the sum of the mutual potentials 
between the molecules when they are at the lattice positions of the 
strained lattice. The frequencies y; entering (5), or the maximum Debye 
frequency ym (or 8 = hym/k) in (42) are also to be calculated from the 
forces acting on the molecules in the strained lattice. Thus both U and 
the frequencies are functions of these strains, which determine the shape 
and volume of the crystal. The frequencies »; do not depend explicitly 
on temperature, but do depend on the strains. 

One may, then, in principle at least, arrive at an equation for the work 
function A as a function of 7’, xz, yy, Zz; Yz) Zz, and x,. The stress tensor 
components, X,, Y,,-:-X,, are the forces 


A 
ee 
e Ox, Tye * ky? 


( ) 
Ox, X2rYy°°* Ze 3 


Xy 
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resisting the strain displacements. A must be taken, in (45), as the 
work function per unit volume. At T = 0, A = U, and equation (45) 
is most commonly met with the total potential energy per unit volume U, 
replacing A. 

The Hooke’s law assumption is that these stresses are proportional to 
the strains 


— Xz = Cy1Xz + Cr2Vy + C1322 + Cia Vz + C15 Zz + Cig Xy, 


— Yy = €g1X2 + Coo¥y + °°: 


= Ny = (€61Xz foes Ce6Xy- 
One can show that necessarily 
Chk! = Chk 


so that there are only 21 elastic constants instead of the 36 seemingly 
appearing in the above equation. 

For a regular (cubic) crystal, with all three axes equivalent, only three 
independent elastic constants, 


C11, C12, C44, 


remain. 

For a more complete discussion of this classical theory of elasticity the 
reader is referred to various books in which the subject is treated more 
exhaustively.* 

It is, of course, necessary to use some approximations in order to 
arrive at the equation for the work function A in terms of the strain 
tensor. Herzfeld and Goeppert Mayert have used the Debye approxi- 
mation, as has Brillouin.{ Born§ has carried out this method rather 
completely, calculating directly the expression for the product of all 
frequencies, which, at high temperatures, is sufficient to determine In Q, 
equation (7). 

If the work function A is accurately given as a function of temperature 
and the six strain components, it is possible to set certain outer limits on 
the range of stability of the crystal. 

For instance, no stable thermodynamic system could have an equation 
of state such that the pressure increased with volume. The coefficient 
— (dP/dV) 7 must always be positive. In general, at low temperatures 


* For instance, see M. Born, Atomtheorie des festen Zustandes, Leipzig, 1923. 
+ K. Herzfeld and M. Goeppert Mayer, Phys. Rev., 46, 995 (1934). 

t L. Brillouin, Phys. Rev., 64, 916 (1938). 

§ M. Born, J. Chem. Phys., 7, 591 (1939). 
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and high pressures, this is the case. If, however, this quantity is calcu- 
lated as a function of P and T, one will find a line in the P—T diagram 
for which dP/dV becomes zero and is negative for higher temperatures 
and lower pressures. Herzfeld and Goeppert Mayer have assumed that 
this line gives the melting curve, and the numerical agreement is as good 
as could be wished. It is found, for instance, in agreement with experi- 
ment, that crystal helium should not be stable at zero pressure, even at 
T = 0. 

This line, at which (@P/dV) 7 = 0, certainly determines the upper 
limit of the melting temperature, in so far as the numerical calculation is 
correct. One is, of course, not certain that the liquid phase does not 
have a lower free energy than the crystal at lower temperatures than 
those given by the line (OP /dV) 7 = 0. In this case one would say that 
the crystal is metastable between the line for which the free energies F’ 
of the crystal and liquid are equal and the line for which (@P/dV) 7 = 0. 

Herzfeld and Goeppert Mayer base their assertion that the line 
(0P/dV) 7 = O represents the melting line upon the observed fact that 
ordinary crystals cannot be superheated, from which they deduce that 
no metastable region exists. 

Born* has emphasized that not only —(@P/dV) > 0 must be satis- 
fied if the crystal is to be even metastable, but also that the crystal must 
retain rigidity with respect to all distortions. For a regular (cubic) 
crystal this requires three conditions for the three elastic constants, 
C11, C12, C44, to be satisfied, instead of only the one, —(dP/dV) > 0. 
Born also trices to deduce the character of the phase which is formed 
upon the breakdown of any one of these conditions. He believes that 
only the transition when cy4 = 0 corresponds to melting into a liquid. 

Numerically Herzfeld and Goeppert Mayer found cq, to be still posi- 
tive when (dP /dV) 7 became zero. 

It is not desirable to go into detail here concerning the differences in 
point of view of the different workers. It is at least apparent that, 
within certain limits upon the accuracies with which numerical calcula- 
tions can be made, the limits of metastability of the crystal can be set. 

In discussing the theories concerning the limits of stability of the 
crystalline phase the interesting theory of Lennard-Jones and Devon- 
shire,t who attempt to determine the P—T line for which the crystal 
changes into a more random type of lattice structure, should be 
mentioned. 


* M. Born, J. Chem. Phys., 7, 591 (1939). 
¢ J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc., A169, 317 (1939). 


CHAPTER 12 
THE VAN DER WAALS EQUATION 


(a) Introduction. (b) The Approximate Statistical Treatment. (c) The 

Interpretation of a and b. (d) The Law of Corresponding States. (e) 

Condensation and the van der Waals Equation. (f) Phase Changes and a 
General Equation of State. 


12a. Introduction 

The perfect gas is a system in which the mutual potential energies of 
the molecules may be neglected owing to the large average distances 
between them. If a real gas is compressed, deviations from the perfect 
gas equation of state, PV = RT, are observed, and these deviations are 
due to the increasing importance of the forces between the molecules as 
the distances between them are decreased. 

A very simple semi-empirical equation of state, which gives a sur- 
prisingly good approximation to the observed P—V relationship, even 
down to the volume of the condensed phase, is the van der Waals 
equation, 


(12. 1) | P + rly — No | = NKT. 


For relatively low pressures and large volumes this equation may be 
developed as 
N?a 


PV = NkT — 7 


+NbP+---, 


which, with the substitution of P = NkT/V as a zeroth-order approxi- 
mation for the pressure, gives the beginning of the expansion of PV as a 
power series in 1/V to be 


N a 
(12. 2) PV = ver] 1 +- V (3 =) + | 
Equation (2) may be derived theoretically by the use of certain 
reasonable approximations, giving a means of evaluating the two con- 
stants a and b in terms of parameters occurring in the equation for the 
mutual potential of two molecules. The derivation which follows is 
used frequently and gives the correct result, although it does so by the 
262 
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accident of two compensating errors. The correct derivation was first 
given by Ursell,* and an exact method, similar to his, will be discussed 
fully in the next chapter. The incorrect method will be used here 
because of its simplicity and because it 1s sufficiently similar to the exact 
method to form a usefully instructive introduction to it. 


12b. The Approximate Statistical Treatment 

A gas composed of N identical molecules in a volume V will be con- 
sidered. Since the essential features of an imperfect gas are observed in 
the noble monatomic gases as well as in the more complicated poly- 
atomic gases, it will be simpler to choose a monatomic one as an example, 
and to assume that the molecules treated have no excited internal degrees 
of freedom. Since, further, the behavior of the imperfect gas is not due 
to quantized energy levels, but occurs at temperatures and volumes, in 
the heavier gases at least, for which the classical equations are valid, we 
shall use the classical integration methods throughout. 

The 3N Cartesian coordinates of the molecules, and their conjugated 
momenta, will be used. The indices z and j as subscripts will indicate 
the molecules 7 and 7. The Hamiltonian contains the sum of 3N kinetic 
energy terms p?/2m. The additional potential-energy terms, functions 
of the coordinates alone, will be responsible for the difference between 
the equations derived and those of the perfect gas. The phase integral Q 
may be integrated at once over the 3N momenta from minus to plus 
infinity, leading to 


QamkT\?5/2 Q, 
(12. 3) Q= (a) NW? 


which is the simplified form of equation (10. 32) for systems of one kind 
of molecule only. The configuration integral Q, is 


(12. 4) Q, = f f vee f eUMIKT A, ...dr,+++ dry, 


with 
(12. 5) dr; = dz; dy; dz;, 


and U(q) is the potential energy of the system. 

The potential energy, U(q), will be assumed to have certain simplified 
characteristics, which are probably almost exactly obeyed in almost all 
real gases composed of chemically saturated molecules. It will first be 
assumed that U(q) can be written as a sum of terms, each depending 
only on the distance apart r;; of two molecules 1 and 7. This assumes 


* Ursell, Proc. Cambridge Phil. Soc., 28, 685 (1927). 
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that the potential of three molecules, all close together, is the same as 
that of three independent pairs of molecules having the same distances 
apart as the three pairs which can be formed of the group of three. In 
the system of N molecules there are 3N(N — 1) different pairs which 
can be formed, so that this assumption is that U/(q) is the sum of 
4N(N — 1) terms, namely, 

t=N 9=N~1 


(12. 6) UM= Lh Lh ulriy), 


t>J J=l1 


where u(r,;) is the potential energy of the pair of molecules 7 and 7 as a 
function of their distance apart r,;. 

The function u(r) has the same gencral characteristic form for all 
neutral, chemically saturated molecules. It is zero for large values of 
the argument r, decreasing to a minimum negative value at a distance 
r of afew Angstrom units, and then increasing rapidly, as 7 decreases, to 
very high positive values for smaller distances of approach. Later it 
will be necessary to make more special assumptions ahout this potential 
in order to arrive at equation (2). For the present it will be desirable to 
assume only that u(r) approaches zero for large values of r more rapidly 
than the inverse third power of the distance. 

With (6) for U(q) the exponent of the integrand in (4) for Q, is a 
sum of terms. The integrand itself is then a product. However, the 
coordinates of two molecules occur in each term of the product, and the 
coordinates of cach molecule occur in N — 1 different terms of the 
product. ‘The complete integral is not to be written as a product of inte- 
grals as were the momenta integrals. One may write 


(12. 7) e UD IkT II etre /kT 
N>t>)7>1 


Each term e~““7)/*? becomes unity for large values of the argument 
r,,, for which u(r,,) is zero, so that it is convenient to define a 
function, 


(12, 8) Ft) = Sig = EMDIAT — 4, 
which becomes zero for large values of r;,.. Since 
eu (reg) (kT = ] + fis, 


equation (7) may be written as, 


(12. 9) el@rr = MN (1 +f). 


N2t>)> 1 
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This product may be expanded into a sum of terms, 


(12.10) ec VOMNT I+ YO fi t+ OLSiihey too, 
N>t>j> 1 


in which each term becomes zero if the argument r;; is large for any pair 
aj occurring as a function f;; in the term. 

The complete development of this equation will be considered in the 
next two chapters. For the present the unjustifiable assumption will 
be made that the contribution to the integral of the unity, and the 
4N(N — 1) terms containing only one f,,, need be considered, and that 
all the other terms may be neglected. Using (10) in (4), with this 
assumption, one obtains 


(12. 11) 


Q, = [feof] i Bo fate fare edrye ce drye es dey 


The integration over the unity leads to a factor V for each molecule, 
since the configuration space allowed to cach molecule is the volume of 
the system. The product of these factors for all N molecules is V’. 
If u(r) were identically zero for all r’s, then all the f;;’s would be zero 
and this term alone would be present. This value, V¥, for Q, gives the 
perfect gas equation for the pressure (see equation 10. 54). 

The integration over cach of the 3N(N — 1) different f,,’s gives the 
same value. lor cach such term, containing one f,,, integration over 
the configuration space of a molecule other than 7 or 7 leads to V as a fac- 
tor. There are N — 2 such molecules, so that the term is 


| lea f f fij dr; dr;. 


Now f,, drops rapidly to zcro as r,; becomes large, so that, if the position 
of 1 does not happen to be within molecular distance of the walls of the 
vessel, 


(12. 12) f fry rj = f ” tn) 4a? dr = B, 
0 


since dz; can be expressed in sphcrical coordinates with molecule 7 as 
a center, and the integration over the angles performed. The integral 
6B has the dimensions of volume. §8 is independent of the position of 
molecule 7, at least to within a few Angstréms of the wall, so that 


[pars = BV, 
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There are $N(N — 1) such terms, and since N is very large this is 
practically 3N*. One may write 


sil ee *<) 
or 
(12. 13) Q, = NX (1 +55), 


with the introduction of the volume per molecule, », 
12, 14 ms 
(12. 14) v=% 


In taking the logarithm of Q,, the unjustifiable assumption is made 
that 4NB/v is small compared to unity,* so that In (1 + $N8/v) = 


3NB/o, 
(12, 15) nQ, = N[ inv +Inv +S], 


The pressure P is —(0A/dV) 7, and since A is —kT In Q, the product 
PV is kT(@ InQ/d In V)7. The only volume-dependent factor of the 
phase integral Q is the configuration integral Q,, so that 


0 In s) (¢ In 2) 
- T y 
a e En (Fr Vir : OlInv/r 


which is the same as equation (10. 54). Applying this to (15), one 
obtains 


(12. 17) = KP E =e | 
v 2v 


12c. The Interpretation of a and b 
Equation (17) shows merely that the pressure P can be developed in 
terms of a power series in v'. However, the constant 8 is defined by 


(12) and (8) as 
io 0] 
(12. 18) B = 49 f 2 (ge lkE _ 1) dr 
0 


* The correction term appearing in the final equation is $8/v, so that if this term 
is appreciable compared to unity the term $N8/v is certainly not small. Actually 
if the higher products of the sum (10) are taken into account Q, may be shown to 
approach V"(1 + 46/v)%, and (13) is only made up of the first two terms in the 
expansion of this power. This equation leads directly to (15), which is the correct 
approximation to In Q, to within terms of the order of v~ 
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in terms of the potential u(r) between two molecules. The development 
(2) of the van der Waals equation gives 6 as a function of the tempera- 
ture, namely, by comparison of (2) with (17), that 


Dave oe 
(12. 19) 2B = a — b. 


This functional relationship of 8 on temperature depends on a particular 
form for the potential u(r), and it will now be shown what form leads to 
this equation, (19). 

The necessary and sufficient condition for (19) is that u(r) should be 
positive and extremely large compared to kT for some range of the vari- 
able r, and that for all other values of r its absolute magnitude should be 
much smaller than kT. When u(r) is plus infinity the integrand of 


(18) 1s independent of 7’, since 


Ee UOWkT 3, zero. The integral Plot of u(r), of equation (20), 
against r for m=6 


over this range of r gives rise 
to the negative and temperature 
independent part, —b, in (19). 
When | u(r)| << kT the expo- 
nential e*”/*? may be devel- 
oped as 1 — u(r)/kT, and for 
this range of r values the in- 
tegrand is —wu(r)/kT, which is 5 
inversely proportional to T. 

The simplest equation which 
satisfies these conditions is also 
a rather close approximation to 
the potential curve for real 
molecules, and is 


(12. 20) u(r) = ©, 0O<r<ro, 0 
u(r) = —Uo (2)", = 


mo<rgo. ~1.0 


To 27%o 


© 
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sponding f(r) for wo/kT = 4, Fra. 12. 1 
which corresponds to a tem- 
perature approximately twice the critical temperature, is plotted in 
Fig. 12.1, form = 6. 
The molecules obeying this potential law behave like hard spheres of 
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radius $79 and volume 
4 3 
(12. 21) Vy = =(2) = 


repelling each other infinitely when their centers are a distance 7 apart. 
For distances greater than rp they attract each other, having @ minimum 
negative mutual potential of —ugatr = 719. Itis assumed that u<kT, 
although the subsequent method of evaluating 6 is not greatly in error 
for values of up as great as 3k7. The value of m which would most 
closely approximate the true potential curve for most molecules is about 
six. 

For values of 7 between zero and ro the exponential is zero and b may 
be defined as, 


mo 2r . 
(12. 22) b= af 4nr? dr = ry ra = 4vp. 
0 


For 7 values between 7p and infinity 


gO R OED ao] a = tT ip Ugrar 
and a may he defined as, 
1 oe ere on 3 
(12. 23) a= a4 rune r dr = -—-— LATO 
LM) m— 3 
12 
= ———5 oto 
m—3 


By insertion of these values into (18), equation (19) is seen to be in- 
deed fulfilled. 

The van der Waals constant b is four times the volume v9 of the mole- 
cules. The constant a is proportional to the volume of the molecules 
and to the minimum potential uo, with a proportionality constant 
dependent on the shape of the attractive potential determined by m. 
As is to be expected, for real gases both b and a are found actually to be 
somewhat temperature dependent. 

It is to be emphasized that, even with the assumptions made, only the 
approximate equation (2), and not the van der Waals equation (1), has 
been derived. Equation (1) is certainly not exactly obeyed by any 
experimental system. Its original derivation by van der Waals, 
although based on extremely ingenious reasoning, was not deduced 
from statistical methods. Indeed, an equation of the van der Waals 
type showing an unstable region will not be obtained by direct statistical 
calculations. This will be discussed further in section 12f. 
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The quantity kTB/2, equation (17), which is the coefficient v~? in the 
development of the pressure as an inverse power series in the volume, is 
known as the second virial coefficient. (The first virial coefficient is 
just kT.) The second virial coefficient for different gases at various 
temperatures has been the subject of many experimental investiga- 
tions. Froma knowledge of its values, then, the potential, u(r), between 
molecule pairs which reproduces the experimental values of 8 when used 
in equation (18) can be determined. Lennard-Jones, particularly, has 
undertaken such determinations, and finds that, if the potential is 
written in the form 


A 
u(r) =—-- = m<n, 
T r 


nis about 11 to 13, and m about 6. This 1s the best source of our experi- 
mental knowledge of the forces between chemically saturated molecules. 


3 
U/ Ue 
Fia. 12.2. van der Waal’s equation. Plot of P/P, against v/v. for various values of 
P 8(T/T-. 3 
fp, Pec BOUUO 8, 


12d. The Law of Corresponding States 
The van der Waals equation is cubic in the volume, and by the multi- 
plication of (1) with V?/PN? it may be brought into the form 
ab 


kT a 
OP eee 2 — _—_—_- = 
(12. 24) v (s + bo +5 P 0. 


If P is plotted against v at constant 7, see Fig. 12. 2, the curve rises 
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with decreasing volume from P = 0 at infinite volume, to P = © at 
v=b. At high temperatures the rise is monotonous, that is, 
(oP/av) 7 < 0 for all volumes. At lower temperatures the curve has a 
loop, and for a range of the pressure P there are three real positive 
volumes which are solutions of (24). There exists one temperature, 
T., the critical temperature, such that all curves of higher temperatures 
are monotonous, and all curves of lower temperatures have a loop. As 
one point, P, and »,, the curve at the critical temperature is horizontal, 
(0P/dv) 7 = 0, and at this one point, which is the critical point, the 
three roots for v of (24) are identical and real. (For T > T, at all P’s 
there are only one real and two imaginary roots of equation (24) for v.) 

It follows that for 7 = T,and P = P, equation (24) must be a perfect 
cube, of the form 


(12. 25) (v — v,)? = »® — 8n.v? + 320 — v3 = 0. 
By equating the coefficients of (24) and (25), 
3 _ ab 2 a _ kT, 
Cp? 3% =D? 30. = P, + 6, 


the constants a and b can be obtained in terms of the critical volume 
per molecule v,, and the critical pressure P,. One obtains 


(12. 26) b= “5 a= 3P,. 


The equation 
8 Pv, Pw. 3 
3k kT, 8& 


is also obtained; the pressure volume product at the critical point is 
8 the value of that of a perfect gas at the same temperature. This is 
not very far from the observed value of about 0.3. 

Use of the values (26) for a and b in equation (1), with the intro- 
duction of (27) for 7, enables us to express the van der Waals equation 
in the reduced form 


ov 1), P 3 8 T 
12. 28 —-—-—||]— = 
pees E 4 b ' in 37. 
in which the ratios of volume, pressure, and temperature to the values 
at the critical point appear, and all constants of the equation are uni- 
versal and independent of the particular gas. 


Equation (28) is a special case of the law of corresponding states, 
which predicts that the equations of state of all ‘ normal ” substances 


(12. 27) T. = 
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are the same, if the volumes, pressures, and temperatures are always 
expressed in terms of the volumes, pressures, and temperatures, respec- 
tively, of some unique point in the equation, such as the critical point. 

The law of corresponding states follows rigorously from certain assump- 
tions concerning the mutual potential of pairs of molecules. The true 
form of the potential u(r) between two molecules may be approxi- 
mated rather accurately by the equation 


A 


u(r) == — = m<n, 
r 


r 


which can be transformed into 


(12,29) u(r) = w| (2) = (”) | 
n——~- mv fl—-— mArPr 


This equation has a minimum value —w, at r= 7y. In the preceding 
section, equation (20) was essentially of this form with n = ©, and 
m left undetermined. 

If, in the configuration integral (4), a transformation of coordinates 
to new dimensionless variables q,, = x;/ro is made, then 


dr; = ¥5 dgz, dqy dq... 


The new limits of integration will depend only on the ratio of the vol- 
ume V of the system to r9, or, if we prefer, to v9 = 2rg/6. The inte- 
grand is a function of ug/kT, and does not contain either uy or T in any 
other form. 

If now it is assumed that for all molecules the numerical values of 
the constants n and m are identical, the law of corresponding states 
follows. With two systems of different kinds of molecules, but having 
the same number of them, N, and with the same value of V/v9 and uo/kT, 
the configuration integrals of the two systems will differ only by a factor 
of vy for the two kinds of molecules. This factor is independent of the 
temperature or volume. That is, one may write, for all systems with 
the same values of n and m, 

(12. 30) Q.= NF (<, f), 

Yo Uo 
where F is a universal function dependent only on n and m for its form. 
The quantities v9 and uo, with the dimensions of volume and energy, 
respectively, vary from molecule to molecule. 

The pressure P is (equation 10. 53’), 


= one) vo ST (oer) 
(12. 31) P= kT( aVv r Vo Ug d (V/vy) 
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If the scale of volume is measured in units of v9, the scale of temper- 
ature in terms of uo/k, and that of pressure in uo/vo, the equation of 
state of all systems composed of molecules for which the mutual poten- 
tial is given by (29) with the same values of n and m will be identical. 

This conclusion is based on the use of the integral form (equation 
10. 50’) for the translational part of the complete partition function of 
the system. If the temperature is low, and the masses of the mole- 
cules small, so that the quantum-mechanical sum (equation 10. 50) 
must be used, corrections will enter which depend on the absolute values 
of Tand V. The law of corresponding states will not apply. 

We have explicitly limited the calculations of this chapter to mona- 
tomic gases for which the number of degrees of freedom per molecule 
is three. For diatomic and polyatomic gases there will be additional 
internal degrees of freedom for every molecule. If, however, the mutual 
potential energy of a pair of molecules is given by equation (29) inde- 
pendently of the internal quantum state of the molecules, which means 
that the Hamiltonian is separable in the translational and imternal 
coordinates, the conclusions of the preceding sections will be equally 
valid. The internal degrees of freedom, then, will only contribute an 
additional factor to the partition function Q, which will not be volume 
dependent, so that the equation for the pressure will remain unchanged. 

It appears that for non-polar molecules one may assume with moderate 
accuracy that the attractive potential is inversely proportional to the 
sixth power of the distance, that is, that m = 6. The equation of state 
at high volumes depends less on n. Probably n = 12 is a fair average 
value for the repulsive power. For non-polar molecules the law of 
corresponding states holds fairly satisfactorily, even in comparing 
monatomic gases with polyatomic gases such as methane. 

Strongly polar molecules, such as water, obey decidedly different 
equations of state from those obeyed by non-polar molecules. 


12e. Condensation and the van der Waals Equation 

The isothermals, or plots of pressure against volume, for various 
constant temperatures, from the van der Waals equation, are shown in 
Fig. 12. 2. The units chosen are the critical values, so that the critical 
point is 1, 1 on the diagram. 

For temperatures lower than the critical, 7/7, < 1, the isothermals 
show a loop, that is, for a region of volume the quantity (0P/dV)+r is 
positive. It is obvious that the curve in this range, where the pres- 
sure increases with increasing volume, does not correspond to any phase 
which can exist in nature. 

On the diagram, horizontal lines, of constant pressure, are drawn to 
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connect the volumes at the same pressure which are on the two branches 
of the curve for which (dP/dV) 7 is negative. The lines are so drawn 
that the area between the horizontal and the van der Waals curve above 
it is equal to the areca between the horizontal and the portion of the 
curve below it. The two end points on the van der Waals curve con- 
nected by the horizontal then correspond to two phases of the system 
having the same free energy F and therefore being in equilibrium with 
each other. 
This statement is seen from the equation 


oF "1 
| - : —— = q Y" ~— = 2 
(12. 32) (; ). V, Fy — Fu J V di 


The integral is exactly the difference of the two shaded areas, that above 
the horizontal minus that below it. 

The two phases are the liquid and the gaseous. Since their free 
energies are equal at the pressure of the horizontal line the two phases 
are in equilibrium at this pressure P,, the vapor pressure of the liquid. 
At a lower pressure P than P, the condensed phase has a higher free 
energy than the gascous at the same pressure P, since from (32), owing 
to its smaller volume, its free energy decreases with pressure decrease 
less rapidly than that of the gas. Conversely, at higher pressures than 
P, the liquid has the lower free energy and is the single stable phase. 

The van der Waals isothermals in the region for which (@P?/dV) ¢ is 
still negative, but in the volume range of condensation, for which the 
phases they represent are unstable, have a physical significance. The 
liquid may be maintained under a pressure less than its vapor pressure, 
or even by tension under a negative pressure, at least temporarily. 
The gas may also be obtained temporarily in the supersaturated state 
with the pressure higher than the vapor pressure. 

Whether the region of the curve for which (dP/dV) 7 is positive can 
have any physical significance whatsoever is doubtful. It is supposed 
to represent the pressure of the material inhibited to the uniform density 
corresponding to the inverse volume of the system. In this region, as 
in any portion of the curve between the volume of the saturated vapor 
and that of the liquid, the lowest free energy, and therefore the stable 
configuration, is obtained if the material separates into two phases of 
different densities. Where (0P/dV)r7 is negative, this separation 
requires first the transition of microscopic portions of the system through 
still less stable regions, and the separation into two phases may require 
appreciable time. The unstable regions for which (0P/dV) 7 is less 
than zero may be called metastable. Where this quantity is positive, 
however, immediate separation into two phases is required, since no 
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less stable microscopic configuration separates the thermodynamic 
equilibrium from the region of uniform density. 

Any continuous single equation of state, such as that of van der Waals, 
which pretends to express the P—V relationship of two or more phases, 
has necessarily these characteristics of predicting the existence of 
unstable transition regions, both those which may be metastable as 
well as those which are entirely unstable. The stable phases may 
always be determined by calculation of the points of equal free energy 
at the same pressure, on the diagram. 

The significance of this in terms of the general statistical method 
will be discussed in the next section. 


12f. Phase Changes and a General Equation of State 

A knowledge of the functional dependence on V and T of the con- 
figuration integral Q,, (4), the volume-dependent factor of the phase 
integral Q, is sufficient to determine the equation of state of any system 
obeying the classical mechanical equations. 

If the integration indicated in (4) is extended over the complete 
configuration space of the whole system the resulting equation for the 
pressure P will give the equilibrium pressure of the system as a function 
of V and T. If at some volume and temperature the equilibrium con- 
figuration of the system is one for which it exists in two phases, say 
liquid and gaseous, the integral will lead to the equilibrium pressure 
between these phases. The integral itself will then have its greatest 
contribution from that part of the configuration space which corre- 
sponds to the existence of the two phases. 

For instance, the volume and temperature may be such that in equi- 
librium half of the molecules of the system are in the gaseous phase and 
half in the liquid. Then the main contribution to the configuration 
integral will come from that portion of the space for which half of the 
molecules are far apart from others and half of them are close together. 
If the condensed phase in equilibrium with the gaseous were the crys- 
talline, the contribution of those molecules which were close together 
would come from the regions of configuration space corresponding to the 
regular arrangement of the crystal lattice. The contributign of all 
other portions of the configuration space will be negligible; their frac- 
tion of the whole integral gives the probability of finding the system in 
a configuration other than that of thermodynamic equilibrium. 

It is only by the imposition of some arbitrary limitation on the portion 
of the configuration space over which the integration is extended that 
the equation for an unstable or metastable phase may be obtained. For 
instance, the neglect of that portion of the configuration space where 
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many molecules are close together will lead to equations for the super- 
saturated vapor. For this reason a complete statistical calculation 
can never lead to an equation of the van der Waals type, having a loop 
in the P—V curve. 

In general it appears to be impossible, as yet, to perform the inte- 
gration of the configuration integral over the whole configuration space 
in such a way as to obtain the functional dependence of Q, on volume 
and temperature in a closed form. Two general differing methods of 
approach have been made. 

The first of these methods is illustrated by the calculations made in 
Chapter 11 for crystals. The experimental fact that the system is 
known to exist only in the neighborhood of certain portions of the con- 
figuration space is used. The integration is then arbitrarily limited to 
the neighborhood of this particular part of the space. If this is not 
done explicitly it is implied by the development of the integrand of the 
configuration integral in such a way that it gives the correct values only 
in the neighborhood of these preferred positions. 

For the crystal the method is pragmatically satisfactory, although 
open to some rather academic objections. It is proved that the con- 
figuration assumed is mechanically stable compared to all neighboring 
configurations, that is, all small displacements lead to an increase of 
energy. From this it is known that the assumed erystal lattice is at 
least metastable with respect to other configurations. Since the material 
is observed to exist in a certain lattice type, the calculation gives the 
correct thermodynamic functions for the experimental phase. It will 
not automatically predict any phase transitions. These must be found 
by explicit calculations of the thermodynamic properties of other con- 
figurations, and they should, if the calculation is to be completely 
logical, include all other crystalline lattice types as well as all configura- 
tions of complete disorder corresponding to the glasses and fluid phase. 

The same objections apply even more cogently to most theories of 
the liquid. Certain characteristics of the equilibrium configuration 
are assumed, and the integration is limited to the portions of the con- 
figuration space to which these characteristics apply. Unless the inte- 
gration is extended over the complete space one can never be quite cer- 
tain that the phase calculated ever corresponds to the experimental 
material. 

The second available method of statistical calculation has certain 
advantages in logic but also decided limitations. It has already been 
illustrated crudely in section 12b, and an example of it will be developed 
in greater detail in the two subsequent chapters. 

In this method the integrand of the configuration integral is developed 
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as a sum of terms, most of which differ from zero only in certain portions 
of the configuration space. The terms which are negligible after inte- 
gration do not affect the value of Q,, but the integration is explicitly 
extended over the complete configuration space. The important terms 
of the sum making up Q, give the contribution from the regions of the 
configuration space in which the system actually exists. 

For instance, in (10) the term unity has the same value in all portions 
of the space, but the remaining terms containing functions f;; differ 
from zero only in that portion of the space for which their arguments, 
r,j, are small. The correction terms considered were those containing 
a single f;, and are non-zero only where the two molecules 7 and 7 are 
close together. In section 12b the other terms were incorrectly 
neglected. The correct application of the method, which will follow, 
demands the explicit consideration of all the terms in the sum (10). 

This method, when correctly applied, automatically includes phase 
changes, since the contributions of all regions of the configuration space 
are evaluated. The fundamental difficulty is that the terms corre- 
sponding to the existence of the liquid cannot, as yet, be integrated in 
closed form. 


CHAPTER 13 
THE IMPERFECT GAS 


(a) Introduction. (b) The Cluster Integrals 6;. (c) Simplification of 

the Configuration Integral Equation. (d) The Maximum Term in Q,/N !. 

(e) The Limiting Case of the Perfect Gas. (f) The Equation for the Cluster 

Integrals in Terms of Irreducible Integrals 8. (g) Development in Inverse 

Powers of v. (h) The Thermodynamic Properties of the Imperfect Gas. 
(i) Summary of the Method. 


13a. Introduction. 

In this chapter the most general treatment of the imperfect gas will 
be given, although some of the proofs, which in their most rigorous 
form are shown in the Appendix (A X, XI) and are somewhat compli- 
cated, will be shortened and rather simplified in a manner which limits 
the range for which their application is rigorous. The coefficients in 
the virial development of the pressure as an inverse power series of the 
volume will be derived as specific integrals in the configuration space. 

The first steps of the method are the same as in section 12b. A sys- 
tem consisting of N identical molecules in a volume V will be considered. 
The classical method will be followed throughout. It will be assumed 
that the molecules have only three translational degrees of freedom, 
with no internal coordinates, and that the potential energy U(q) of the 
whole system can be expressed as a sum of 4N(N — 1) terms, u(r,,), 
each depending only on the distance 7,, between two molecules 7 and j 
(equation 12. 6). 

It will be explicitly assumed that u(7,,), the potential between a pair 
of molecules, falls to zero with increasing value of 7,, nore rapidly than 
es 

The exponential e~2@/*", which occurs in the configuration integral, 


(13. 1) Q. = Sf 6S pevontar aoe dry, 


can be developed, by means of the function 
(13. 2) fg =f) Se 241, 


into the sum 


(13. 3) eUORTo y+ Yo fipt+ OOoufyy tee 
21 


N2>1>) 


All these steps have been discussed in section 12b. 
277 
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13b. The Cluster Integrals 5). 

The general term of the sum (3) will now be considered. It is con- 
venient to make a one-to-one correspondence between the terms of this 
sum, which are composed of a definite product of particular functions, 
fij, and certain diagrams which may be drawn in a plane. [If all the N 
molecules are represented by numbered circles in a figure such as 
Fig. 13. 1, and a line is drawn between the two circles 2 and 9 for every 


QO ®@ 
QO Vv ® ® 


Yo es 


Fig. 13.1. Diagram corresponding to the term in (3), fs,2 fio,4 fs,4 14,13 f23,16 17,16 
Jos17 fo6.18 f28,27 fo8.21 fos,20 fo7 20 fa1z0. Molecules 1, 6, 7, 8, 9, 11, 12, 15, 19, 22, 24 
and 25 are in single clusters of one molecule each. Molecules 2, 3; 13, 14; 18 and 
26 are in clusters of two molecules each. Molecules 4, 5, 10; 16, 17 and 23 are in 
clusters of three molecules each. Molecules 20, 21, 27 and 28 are in a cluster of 
four molecules. For this term, m, = 12; m2 = 3; m3 = 2; and m, = 1. 


function f,; occurring in the term, then every term of the sum (3) may 
be represented by one such figure, and every figure corresponds to 
exactly one term of the sum. 

The first term, unity, in the sum, corresponds to the figure which has 
no line. The $N(N — 1) figures which can be drawn with only one line 
connecting any two of the numbered circles correspond each to one 
of the 3N(N — 1) different terms containing only one f;;. 

The functions f approach zcro for large values of their arguments 
r;; (large compared to molecular distances of 10-8 cm.). The con- 
tribution to the configuration integral Q, of one term arises, therefore, 
only from that part of the space for which all the distances represented 
by a line of the figure are small. We may speak of the molecules which 
are connected by lines in the figure, or functions f,, in the term, as being 
bound to each other in that term. 

In any specified figure, that is, any specified product of f;,’s, such as 
that sketched in Fig. 13. 1, there will be groups or clusters of molecules 
which are all bound to each other directly or indirectly by lines, and 
not bound to any molecules which are not members of the cluster. 
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Such molecules will be said to be part of a cluster, and by this criterion 
every molecule of any figure may be said to be one of a cluster of a cer- 
tain number of molecules. 

The simplest cluster is that consisting of a single molecule, not bound 
to any other, that is, its index does not occur as a subscript to any f in 
the term. The number of these single clusters of one molecule each, 
in any term, will be designated by m. 

The cluster of two consists of a bound pair of molecules, neither of 
which is bound to any other molecule. In the term the two indices 
1 and 7 of the molecules in one cluster of two occur as subscripts to the 
same f, but to no other f. The number of such clusters of two will be 
called mg. 

A cluster of three specified molecules, 7, 7, and k, may be formed in 
any of four ways: 


Sj Sin Je Fi, : Sis Sicir 


The terms in which the same molecules are bound to each other in 
clusters have in common the property that they differ from zero only 
in that part of the configuration space for which the molecules in the 
same cluster are close to each other. Since the larger clusters may be 
formed from the same molecules in several ways, there will be a con- 
siderable number of such terms. We now propose to collect these 
terms together. 

In any term the number of clusters of ? molecules each will be desig- 
nated by m. The total number N of molecules is the sum of the num- 
ber per cluster J, times the number of clusters of this size m,, or 

l=N 


l=1 


The integrals over the molecules which are in different clusters of 
one term will be independent of each other, since the clusters are so 
defined that the integrand contains no functions that depend on the 
coordinates of two molecules in different clusters. The integral of the 
term will be a product of the integrals over the molecules in the same 
cluster. We shall sum the integrals of all the products that occur when 
the same / molecules are in one cluster and designate this the cluster 
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integral b, after multiplication by a normalization factor 1/1! V. That 
is, the cluster integral }; is defined as 


1 
(13. 5) b= fff DTI Sij dt, +++ dr- 
LiVJ. I>t>j>1 


sum over all products con- 
sistent with single cluster. 


The dimension of }; is volume to the power 1 — 1. There are at least 
1— 1 f’s in the product, and at most $l(l — 1) f’s in any term of the 
integrand of the cluster integra). 

The first. three cluster integrals are 


1 
(13. 6) b= = fdr =1, 
13. 7) bo = [Pye dredn =) fdr) a 
oO. 2 = OV T12 T2 1 = 5 P Tr J\r) ar, 


(13. 8) bs = a fff (isssor + Sood + faofor +fsefs1fo1) dry dre dr3. 


The first integral, 61, is identically unity. The second integral, be, is 
just half the value of the 8 used in section 12b. The first three terms 
of the integral 63 will have the same numerical value since the products 
differ only in the numbering on the molecules. The value of each is 
actually V6", a fact that will be discussed in greater detail in section 13f. 

The value of the integral over 1 — 1 of the molecules is independent 
of the position of the Ith, since the integrand drops rapidly to zero 
for large distances between the molecules. This is true, however, only 
if 2 has reasonable values and if the total volume of the system is of 
macroscopic size, that is, if the ratio V/l is considerably larger than the 
volume of a single molecule. The integral over the lth particle, then, 
leads to a factor V, which cancels the volume in the denominator of the 
normalization factor. The cluster integral is consequently independent 
of the volume of the system, at least as long as 7 is not too large or V too 
small. 

With this definition of the cluster integrals, the summed contribution 
to the configuration integral of all the terms for which the same num- 
bered molecules occur together in clusters is 


HG y™'(vo)™. 
This contribution of these terms to Q, comes only from that part of 


the configuration space for which the specified molecules which are in 
the same cluster are close to each other. We shall now collect all the 
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identical contributions of this sort with the same numbers m, of clusters 
of ! molecules each. These terms have in common that they contribute 
from the part of configuration space where there are m, clusters of l 
molecules each close together, but independently of which particular 
numbered molecules are neighbors. 

The total number of these terms which are consistent with a given 
set of the numbers m, is the number of ways in which N objects can be 
distributed into m, unnumbered piles of 1 objects each, or 

N! 


Im, ! (Lyme 


The product of the two factors above gives the contribution to Q, of 
all the terms in the sum (3) for which the numbers of clusters of size 
lis m, 

(N: vb, )™ 
Se oy ee 


m, ! 


mt 
wi CO” _ yi 


in which the volume per molecule 
V 
13. ==: 
(13. 9) Ce, 
has been introduced. 
The configuration integral Q, is the sum of all these terms, the sum 
over all values of m, which obcy the necessary relationship (4) that 


ulm, = N, namely, 


Q. (Nvb,)™! 
13. — = ee 
est) wi Wan 
Zim = 


Kahn and Uhlenbeck* have shown that this equation can also be 
derived by the use of the quantum-mechanical sum for the partition 
function Q of the system, and is also not limited to systems for which the 
potential is a sum of terms due to the pairs of molecules. The equation 
for the cluster integrals }; is then not so direct as equation (5). 

It is obvious that if the interaction between molecules is independent 
of their internal quantum state the assumption of no internal energy to 
the molecules would be superfluous, since the Hamiltonian would be 
separable, and the internal degrees of freedom would contribute a 
volume-independent factor to Q of the type which we have calculated 
in the chapters on the perfect gas. There is also no need to assume that 


*B. Kahn and G. E. Uhlenbeck, Physica, V, 399 (1938). 
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the potential between pairs of molecules depends only on their distances 
apart; it could depend explicitly on their mutual orientation angles 
without fundamentally affecting the applicability of the method. 


13c. Simplification of the Configuration Integral Equation 

Equation (10) is scarcely in a convenient form for the purposes of 
calculation. It is expressed as a sum of a large number of terms, each 
of which is a fairly complicated product. ‘The total number of terms in 
this sum, however, is very much smaller than the total number of terms 
in the sum (3). The number of terms in (10) is the number of ways in 
which N can be expressed as a sum of numbers l, if changing the order in 
which the l’s appear is not regarded as leading to a new sum. This 
number is called the “ partitio numcrorum ” of N, and is designated by 
Py. The logarithm of Py has been calculated* to approach the value 
a (2N/3)'!? for large values of N. It will be seen later that the loga- 
rithms of the individual terms in the sum are proportional to N, which 
means that for large values of N the values of the individual terms are 
very much larger than the total number of terms. 

The thermodynamic properties of the system are all functions of only 
the logarithm of Q,/N ! and the various derivatives of the logarithm. 
If all the terms of the sum (10) are positive, the value of the sum Q,/N ! 
must be greater than the value of the largest term 7’, of the sum, and 
smaller than the product of the total number of terms Py with the 
largest term, 


Q, 
Pm << Put m 
or 
Q. ON 1/2 
(13. 11) In Pm < Ina) < In Pm + 3 | 


using In Py = 7(2N/3)'/?. Since In 7, will be found to be propor- 
tional to N, the term In Py, which is proportional to N}/?, is negligible 
for large values of NV, and one may write 


Q, 
"WN! 


where 7, is the largest term of the sum (10). 

This method is rigorous only if all the terms of the sum arc positive, 
which they will be only if all the b;’s are positive. At low temperatures 
this is true, but above the critical temperature some of the b;’s appear to 
be negative. The equations which will be derived from (12) are identi- 
cal with those which can be derived by several methods not subject to 


* Hardy and Ramanujan, Proc. London Math. Soc., 16, 130 (1917). 


(13. 12) ] =In Tn, 
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the limitation of positive })’s. One of these methods, originally pro- 
posed by Kahn and Uhlenbeck, and modified by Born and Fuchs,* is 
given in Appendix AXI. We shall continue with the method of using 
(12) but shall not limit ourselves to positive })’s. 

The trick of substituting the logarithm of the largest term of a sum for 
the logarithm of the sum has been used before in Chapter 4 to show that 
the entropy of the equilibrium distribution 1s equal to the entropy of the 
uninhibited system. In this case In (Q,/N !) is an additive part of the 
work function A divided by kT. Every term of the sum (10) is actually 
the additive contribution to Q,/N ! due to a certain distribution of the 
molecules in space, and the largest term is the contribution of the 
equilibrium distribution. The largest term will be characterized by a 
certain set of the numbers m, the number of clusters of 1 molecules 
each. The equilibrium distribution of the molecules which corresponds 
to this term is one in which m, molccules are randomly distributed 
throughout the volume of the system, mz pairs of molecules are close to 
each other in excess over the number which would be expected from the 
random distribution of the m,; unbound molecules, and m3 clusters of 
three molecules each exist in excess of the random expcctation from the 
given values of mm, and mz, etc. 

We shall now determine these values of m, for the maximum term 
Tm of the sum (10), and the value of In Tin. 


13d. The Maximum Term in Q,/N! 
From equation (10) by use of the Stirling approximation for In m, ! 
the equation for the logarithm of one of the terms may be written as 


1=N 
(13. 13) In T = Y m (In Nvb, — In m + 1). 
l=1 


The values of m, for which In 7 is a maximum, subject to condition (4) 
that D-lm, = N, are obtained by subtracting a constant which will be 
designated —In Z times the condition (4) from (13), and differentiating 
with respect to m,. The derivative with respect to each m; must be zero 
forln 7,,. This condition leads to 


0 
In Nob; — In m + lin Z 


re) 
— Dim (In Nob, — In m + 1 + L1n Z) 
om 


or 
(13. 14) m, = Nvb,Z! 
for the maximum or equilibrium value of m). 


* Max Born and K. Fuchs, Proc. Roy. Soc., London, A166, 391 (1938). 
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1 


The parameter Z, of dimensions v“", is determined by 


i=N t=N 


¥ lm, = Y Nvlb,Z' = N, 
t=] t=) 


(13. 15) ¥ wd,Z' = 1. 


It is seen from (14) that the lth term, lvb,Z', of this sum is the fraction 
of the material in clusters of size l at equilibrium. 
Substitution of (14) in (13), with (12), yields the equation for 


In (Q,/N 3), 


(13. 16) In °. = In Tm = LNvbZ' (1 —1in Z) = N(Xvb,Z' — In Z), 


in which Z is to be determined by equation (15). 

The consequences of the thermodynamic equations derivable from the 
forms (15) and (16) for In (Q,/N !) will be discussed in the next chapter. 
In the following sections these two equations will be converted into a 
more convenient form for use when the system is in the gaseous phase. 


13e. The Limiting Case of the Perfect Gas 

Equation (15) may be readily solved for Z as the volume becomes 
very large. The first term of the sum (15), since b} = 1,18 vZ. This 
term alone would lead to the solution 


(13. 17) i, 
Vv 


With this solution it is seen that the remaining terms of the sum are each 
inversely proportional to the (f — 1)th power of v, so that, for large 
values of v for which },/v'~! approaches zero, all the higher terms are 
negligible. The solution (17) is the limiting value of Z as v approaches 
infinity. The first term of the sum (15) which is unity under these 
conditions is the fraction of the molecules which are in clusters of one 
molecule each, that is, those which are completely independent. The 
largest term of the sum (10) is that for which m,; = N, the term unity. 

The first term of the sum, ¥vb,Z', is also unity in this case, and the 
higher terms may be neglected. The equation for large values of »v is 
then 

Q, 


(13. 18) In NI 


From equation (10. 53’) the pressure is 


(13.19) P=kT € a 2) = kT (222) a, 
OV /pP T 


= N(1 + Inv) (v—> 0), 


Nav 
which is the equation of state of the perfect gas. 
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13f. The Equation for the Cluster Integrals in Terms of Irreducible 
Integrals 8, 

Before proceeding further it is advisable to return to a consideration 
of the cluster integrals b,, and to determine how their evaluation may be 
simplified. 

Equations (6) and (7) for b; and 6, respectively, show that no diffi- 
culty is encountered in evaluating the first two members of the series. 
The third cluster integral b3, (8), however, is appreciably more compli- 
cated. It has already been mentioned that all the first three of the four 
terms making up 63 had the same numerical value of V8?. This can be 
readily seen. 

Consider the integral of the first term which is 


(13. 20) ff tosha dr, dr dr3. 


The coordinates of particle 3 occur in the integrand only in f3:, and only 
as the distance 73; from the position of particle 1. The function f3; 
drops rapidly to zero as this distance becomes large, so that integration 
over the space dr3 leads to a definite integral as afactor. This integral, 
which is the same as the @ of section 12b, will be designated as 6,1, and it 
is the first of a series of irreducible integrals 8, which will be introduced. 
It is 


(13. 21) By _ fits drg = J Arr*f (r) dr, 


since the volume element drz may be replaced by 42rZ, dr,3. 

Similarly, in this term (20), integration over drg leads to the factor B,, 
and integration over the coordinates of the last particle, dr,, gives the 
factor V. The term (20) is then 


(13. 22) f f fatfo1 dt, dtg dtz = V6}. 


From (7) and (21) it is seen that bz = $61, so that the term (20) is 
just V(2b2)*. 

All three of the first three terms of b3, equation (8), may be handled in 
exactly the same manner, and lead to the same numerical values after 
integration. The last term, however, has an entirely different value, 
and will be used to define 82, the second irreducible integral, as 


(18. 23) Sf f toafoate dr; drg drz = 2VBz. 
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With this nomenclature one obtains 
(13. 24) bs = 381 + 4$Bo. 


In general, any single one of the terms making up the integrand of the 
cluster integral b; can be represented by a figure of ! numbered circles, 
with a line connecting the circles for every function f;; in the term. In 
order to be a member of the cluster integral the figure must have every 
circle connected by at least onc line to other circles, and all circles must 
be directly or indirectly connected by 
lines. Such a figure is drawn in Fig. 
13. 2, for l = 8. 

If, in such a diagram, any circles 
are connected by only one line to other 
circles, as 1 and 5 are in the figure 
Fia. 13.2. One term in the inte- shown, integration over the coordinates 

eran or ys of these particles in the corresponding 
term gives factors 6; for each to the total integral of the term. If two 
particles, such as 7 and 8 of the figure, are joined by a line, and both 
joined to a common particle, as 4, by lines, but to no other circles, then 
integration over the coordinates of these two (7 and 8) contributes the 
factor B2 to the integral of the term. Subsequent integration over the 
other particles allows similar factoring of the integral into a product of 
simpler integrals. Tor instance, in the figure shown, the contributions 
of integration in the order indicated are as follows: integration over 
dr; gives 8, over drs gives 81, over drz and drg gives Bg, over dr, gives 
B,, over dro drz gives Be, and final integration over d7g leads to the 
factor V. The value of the integral over all eight particles, of the term 
represented by the figure, is 


BiBSV. 


The normalization factor in front of the integral is, from (5), 1/8! V, 
so that the contribution to bg of this term is 


1 
81 B13. 


In general, it will frequently happen that two groups of molecules in a 
figure are singly connected, that is, they have one molecule in common, 
but there are otherwise no lines between molecules of different groups. 
If the coordinates of the common particle are thought of as fixed, and 
the integration performed over the other particles, the integration of the 
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two groups is quite independent and the integral corresponding to the 
picture reduces to a product of two integrals. In this manner the inte- 
gral over any figure consistent with the cluster may be analyzed into a 
product of integrals over groups of particles to which this process can no 
longer be applied, and which shall therefore be termed irreducible inte- 
grals. In the figure corresponding to an irreducible integral, which we 
shall term a frame, every circle is connected with at least two others, 
except of course in 6,. The frame is said to be at least doubly con- 
nected, that is, one can go from any one circle of the frame to every 
other by two or more entirely independent paths of lines which do not 
cross at any circle. 

The irreducible integral 6, is defined as an integral over the configura- 
tion space of k + 1 particles, multiplied by a normalization factor. The 
normalization factor is 1/k!V. The integrand is the sum of all prod- 
ucts of f,,’s of k + 1 particles which cannot be further reduced into a 
product of integrals. This means that in the corresponding figure all 
the circles are more than singly connected. 

The definition may be written as 


1 
l ; 2 — —— ff. a f 1 e ee “ 
( 3 5) By k V male f ) dry Ary44 


All products which are more 
than singly connected. 


The dimensions of 6, are volume to the power k. 
The first three irreducible integrals are 


(13. 26) 6, = f. f Fdaiok J Anr*f'(r) ar, 


] 
(18.27) Bear ff f foafain drs dra dre 


(13. 28) 63 = — fff (8fasfsofeirfar + Sfasfaefoifaitar 
+ fasfsofoifarfaifag) dt, drg drg dr4. 


The origin of the coefficients 3 and 6 in Gg is due to the fact that there are 
respectively 3 and 6 products, differing only in the numbering of the 
particles, containing the same number of functions f as these terms, and 
leading to the same numerical values after integration. This can be 
seen in Fig. 13. 3, which shows the ten diagrams corresponding to the 
ten irreducible products which make up £3. 
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Every cluster integral, b,, may be expressed as a sum of terms, each of 
which is a numerical coefficient multiplied by a product of powers of the 
reduced integrals £,, for instance, 


io io io ieee Bad 


(13. 30) by = 361 
(13. 81) bs = 367 + 46. 


Q w Q So © 2) (13. 32) by = £61 + BiB2 + 48s. 
NE IM If the power with which f, 


occurs in a term of 0; is designa- 
ted by n,, then the relationship 


Wy) (4) & (4) © (2) for all terms that 
Yd YE Ye — 


(13. 33) Y kn, =I1-1 
QHD _ 
ne 
efo 


Fia. 13. 3. The ten terms composing B3. 


must hold. 
The numerical coefficients of 
the term I By* in & can be found 


by inspection of the possible fig- 
ures which correspond to the terms in the integrand of the cluster 
integrals for small values of 1. It must be remembered that 1/k! 
occurs as a factor in the definition (25) of 8,, and 1/0! in the defini- 
tion (5) of bh. The coefficients are found to be 


1_ i" 
P il Wy { 
The proof that this coefficient is general for all values of J, is given 


in Appendix AX. 
The equation for 0, is then 


(13. 34) b = Z ~ II Bx)”, 
nm, «k 


z ny, ! 
zkn, ==] —] 
which bears a striking resemblance to equation (10) for Q,/N ! in terms 


of the cluster integrals ). 


13g. Development in Inverse Powers of uv 

Equation (15) which determines the quantity Z cannot be solved 
explicitly for this parameter in a closed form. The fact that, as v 
approaches infinity, the limiting value 1/v is obtained for Z, sbows that 
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if Z is expanded as a power series in the volume only inverse powers 
occur, that is, one may write 


a a as a 
(13. 35) ae er er ay 


in which we already know that a, is unity. 

If the expansion (35) is used, and the coefficients a, are determined in 
terms of the irreducible integrals 6,, it turns out that Z can be expressed 
as a relatively simple function of these integrals 8, and the volume ». 
If this function is used, in turn, in the expression for the configuration 
integral, and the various thermodynamic properties of the system 
which can be derived from it, simple expansions of these functions are 
obtained as inverse power series of the volume. The method of demon- 
stration which will be used here is straightforward algebra, and conse- 
quently, although simple, is rather tedious. 

The expression (35) for Z may be used to obtain any power of Z, 


a? 20; ay 20103 + az 


7? = : - - eee 
vp? y? yp? ? 
3 2 
a Saja: 

3 1 1“2 

Z= 3+ 4 + .-. 
v U 
4 
a 

4. “Il 

lamer ee 


up to, say, the term in v*. This may be used in the sum (15), 


Llvb,Z' = 1, which determines Z, obtaining an inverse power series in v 
which must be equated to unity. The first term, in which v does not 
occur, is then 1, and the coefficients of each inverse power of v must be 
zero if the equation holds for all values of v. 

One then obtains 


1 


Llvd,Z' = b,vZ + QbovZ" + 3b30Z° + 4b,vZ4 ea tartans 
I>1 


1 1 
ba, + i (bjag + 2b2a;) + a (bja3 + 4b2eQ,a2 + 3b304) 
1 
+ a (b\a4 + 4bga,a3 + 2beaz + 9bgajag + 4b4aj) +--:. 


Upon equating, the coefficients of the first term to unity, and of the 
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others to zero, 


biad2 + bea} = 0, az = —2bo, 
b1a3 + 4boa1a9 + 3b3a% = 0, a3 = 8b5 ma 363, 


bya4 + 4bea\a5 + 2b20% + Qbzazag + 4b4,a; = 0, 
ad, = —4005 + 30beb3 — 4b. 


These equations give the coefficients a, in terms of the cluster inte- 
grals 6, Much simpler equations are obtained if (29) to (32) for the 
b,’s in terms of the §;’s are introduced. One finds, then, that 


(13. 36) a, = 1, 


(13. 37) dg = —B,, 

(13. 38) ag = — (B82 — 36), 

(13. 39) a4 = — (B83 — BiB2 + $63). 
If the function 

(13. 40) z= ete 


v 


is expanded as a power series in descending powers of v, the coefficients 
of the first four terms are given by (36) to (39), respectively. 

For comparatively large values of the volume v, then, for which the 
terms of order higher than vo“ in the expansion of Z as an inverse power 
series in v may be neglected, equation (40) has been proved to give the 
correct functional dependence of Z upon the volume. 

That (40) is general, even for lower volumes, may be proved by insert- 
ing it in (15) and expanding the exponential, using (34) for 6. The 
complicated quadruple sum which is obtained can be shown to equal 
unity identically. 

Equation (40) is also a consequence of the general method which is 
used in Appendix A XI, as is shown there. 

If the expanded form (35) for Z, with the values (36) to (39) for the 
coefficients, and equations (29) to (32) for 6, to bg are used in the sum 
Yvb,Z', which occurs in the expression (16) for In (Q,/N !), one obtains 


13. 41 vz’ = 1 — 
( Py Ed 


This is also shown to be general in the Appendix. 


Bw * r) 
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From (40) it is seen that 


(13. 42) nZ= —-Inv— ZY pw *. 


k>1 


The use of (41) and (42) in (16) gives the final expanded expression for 
the logarithm of the configuration integral divided by N !, 


‘ ‘ Q, _ k —k yak 
(13. 43) In = wl Dae + 2 Be + Ino| 


if 
oN[t+ Ege paet tel: 


13h. The Thermodynamic Properties of the Imperfect Gas 
The logarithm of the partition function Q, or normalized phase inte- 
gral of the whole system, is 


CS Yr Q. 
In | ——— 


h? 
‘T 3/2 l 
j ) ev+ 2D a*| 


from equations (10. 50’) and (43), with »v the volume per molecule, 
v= V/N. 

The work function A, or Helmholtz free energy of the system, 18, per 
mole, 


h2 3/2 1 1 sal 
ey = RT a, eee —— B,v* |° 
(13.45) A kT InQ = RI tn (nat) - = kd 5 


From this equation, by means of the usual thermodynamic relations, 
all the other thermodynamic properties of the system may be derived. 
The first term, RT In (h?/2rmkT)?'? (ev), is the usual term present 
in the expression for a perfect monatomic gas; the additional sum, 
—RT>X(k + 1)718,v—*, which becomes zero for large values of the 
volume per molecule v, gives the corrections due to the forces between 
the molecules. 
The expression for the pressure P is 


0A 1 /0A 
13. 46 Pre) Sal 
eae (=), eye 


(13. 44) In Q 


I 
—} 
an 

“es 
bo 

3 

5 
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The (k + 1)th virial coefficient, which is the coefficient of > “+t in this 
expression for the pressure, is —k7k6,/(k + 1), if the unit of volume 
used is the volume per molecule, v = V/N. 

The pressure-volume product divided by kT, PV/kT, is, for the per- 
fect gas, just the number of molecules in the system. The value obtained 
from (46) is 


PV k —k 
(13. 47) aN |t- Eo | 


By comparison with (41) and (14) this is seen to be 


(13. 48) is = NY vwbZ' => m, 
kT I>1 I> 1 
in which m, is the number of clusters of ! molecules each in the equilib- 
rium distribution of the gas. It is seen that each cluster plays the same 
role, in determining the pressure, that is played by one molecule of a 
perfect gas, and the pressure which the system exerts on the walls of the 
vessel is Just the same as that of a perfect gas which has the same num- 
ber of molecules as the imperfect gas has clusters in its equilibrium dis- 
tribution. 
The free energy F, per mole, is 


h2 3/2 1 
(13. 49) F=A+ PV = RT in ( ) -~-— Y Bw "| 


2rmkT Vo k>1 
Since, from (40), In Z = —In v — ¥6,0-*, this can also be written 
2 3/2 
13. = 
(13. 50) F = RT In (5) Z 


The perfect gas equation is the logarithmic term of (49), which differs 
from (50) only in that Z replaces 1/v in the perfect gas equation. The 
physical significance of Z is seen from this equation. Z 1s the reciprocal 
of the volume per molecule, or the density in molecules per unit volume, 
which the system would have at the same free energy, were it a perfect 
gas, 

This quantity Z is known as the fugacity; except in that the scale of 
fugacity is usually so chosen that the fugacity becomes equal to the 
pressure at infinite dilution, the quantity Z becomes equal to the density 
in molecules per unit volume at infinite volumes. 

The product Zv is then the concentration activity coefficient y. of 
the system. The concentration activity coefficient is defined as the 
dimensionless quantity by which the concentration of the system must 
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be multiplied in order to obtain the concentration Z of a perfect gas with 
the same free energy as the system, the perfect gas, of course, being 
chosen with the same molecular weight and other mechanical properties 
as the system so that their free energies are equal at great dilution. 
From this, 


2 
a 
cj 
I 
N 


and from (40), 
(13. 51) Ve = Ly = e 72h *, 


The entropy of the system per mole, §, 1s 


OA YrmkT\3!2 3 
e 2 —_— — l SS beeen 
(13. 52) S (st) | n( 73 ) ev + ; 


and the energy is found to be 


= = 3 1 By salt 
(3.53) E=A+7S = rr| 5 + op maar 


The heat content is the energy plus the pressure-volume product, 


| 5 1 OB. —k | 
ba : 4 2 I y, ! oz T e 


The heat capacity at constant volume is obtained by differentiating (53) 
with respect to temperature, 


_(aE\ _ 3 1 (a » 28x) +] 
(13. 55) c, = (4) - 2 s+ Bevis? ope | 


The derivative of the pressure with respect to the logarithm of the 
volume is found, by differentiation of (46), to be 


: oP \ _  (/aP\ _ kT =i 
ee Gry), - "Gr, - [! 2 kee | 


The derivative of the pressure with respect to temperature is the same 
as the derivative of the entropy with respect to volume, and is given by 


07A oP as 
13. ———- = (—)}) = 
98) oTaV (Fr, (). 


Fl, yp _k 9 —k 
=*|1 Zaai ap (THe i 
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13i. Summary of the Method 

The method of treating the imperfect gas consists of the following 
succession of steps. 

The integrand, e7 , of the configuration integral is expanded 
into a sum of terms, each of which, except the first which is everywhere 
unity, differs from zero only in a limited portion of the configuration 
space where some of the molecules are close to cach other in clusters. 
Those terms characterized by belonging to the same distribution of 
molecules in m, clusters of ! molecules each, for all 1 values, are collected 
and integrated. Each such collection of integrated terms consists of a 
numerical coefficient multiplied by a product of powers of cluster inte- 
grals. The cluster integrals b, are integrals over the configuration space 
of 1 particles. 

The new integrated sum contains comparatively few terms, and the 
logarithm of the largest may be substituted for the logarithm of the 
sum. The logarithm of this largest term is the logarithm of the con- 
tribution due to the equilibrium distribution of the molecules in clusters. 

The use of the logarithm of the largest term for the logarithm of the 
configuration integral leads to an equation for that quantity involving a 
new parameter Z of the dimensions of inverse volume. ‘The physical 
significance of Z is that it represents the density of a perfect gas with the 
same free energy as the system, the fugacity of the gas expressed in 
density units of molecules per unit volume. The equation determining 
Z, however, is not explicit. 

This quantity Z may be expanded as an inverse power scries of the 
volume. The coefficients in this expansion are not simple in terms of 
the cluster integrals b. However, the cluster integrals are themselves 
sums of a number of terms, each of which is a numerical coefficient times 
a product of powers of certain irreducible integrals 8, of dimensions v“*. 
The expansion of Z is simple in terms of these irreducible integrals f,. 

Finally, with the equation for Z in terms of an infinite series in powers 
of v!, explicit equations for all the thermodynamic properties of the gas 
may be obtained in terms of inverse power series in the volume per 
molecule v. 


U(q)/kT 


CHAPTER 14 
CONDENSATION AND THE CRITICAL REGION 


(a) Introduction. (b) The Value of the Cluster Integrals bi for Large Values 
of 2. (c) Large Clusters Present at Equilibrium. (d) The Pressure and 
Free Energy in the Condensation Range. (e) The Determination of the 
Volume per Molecule, vs, of the Saturated Vapor. (f) The Dependence 
of the Irreducible Integrals on the Temperature. (g) The Critical Point. 
(h) The Temperature Ty. (i) The Physical Interpretation of T'm. 
(j) The Thermodynamic Functions of the Saturated Vapor. (k) Phase 
Changes in the Condensed Phase. (1) The Cell Method of Calculating 
Liquid Partition Functions. 


14a. Introduction 

The method of the preceeding chapter, by which the thermodynamic 
functions of the imperfect gas were found as expansions with respect to 
inverse powers of the volume, was subject to two limitations which 
were not fully discussed in that chapter. 

The first of these limitations concerns the volume independence of 
the cluster integrals 6b. The argument that the integral b does not 
depend on »v is based on the fact that all terms of its integrand become 
zero if any onc of the molecules is far from one to which it is bound. 
Since all molecules of the cluster are directly or indirectly bound in 
every term, it follows that the integrand is zero if any two molecules are 
widely separated. The integral over the space of all but one of the 
particles is consequently independent of the position of this last one, 
provided only that it is not too close to the walls of the vessel. This 
argument obviously fails if the ratio of the total volume V to the num- 
ber of molecules in the cluster is of the order of magnitude of the volume 
of a single molecule. 

For reasonably small values of l, and ordinary volumes, V/l will 
obviously be far greater than the volume over which the forces from one 
molecule operate effectively. But for clusters in which 7 is about the 
value of N, the total number of molecules of the system, and small values 
of the volume per molecule v = V/N, there will be some limit which will 
be designated by vy, below which the };’s are no longer volume independ- 
ent. It will later become apparent that v; is the volume per molecule of 
the condensed phase. The assumption of volume independence of all the 
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b,’s will be valid for all systems of volume large enough to permit the 
existence of some vapor. 

The second limitation on the use of the equations of Chapter 13 con- 
cerns the expansion of Z as a power series in »“, and the analysis of the 
case when this is not permissible will be the main concern of this chapter. 

The expansion of Z in terms of v is valid only if the sum Ylvb,Z! 
converges, that is, if all the terms with very large values of lin this sum 
are practically zero. This is the sum, equation (13. 15), which was set 
equal to unity for the determination of the parameter Z. The lth term 
of the sum, lvb,Z', has the physical interpretation of being the fraction of 
the molecules at equilibrium in clusters of 1 moleculeseach. If the mate- 
rial of the system is entirely gaseous it is obvious that no very large 
clusters exist, that is, none so large that a single cluster contains an ap- 
preciable fraction of all the molecules. The higher members of the 
sum (equation 13. 15) must then be zero, and the sum converges. If 
terms for which 1 has an extremely high order of magnitude are appreci- 
able in the sum }<lvb,Z', a non-negligible fraction of the system is in the 
form of a condensed phase. 

One explanatory remark may be advisable. The influence of the 
force of gravity on the particles of the system has been entirely neglected. 
Consequently, it is not to be expected that the equations will in any way 
predict that the larger clusters will be located in one part of the system, 
such as the bottom. Each cluster, whatever its size, will be free to 
move as a whole about the complete volume of the system. 

In this chapter the value of b, for large values of 2 will be determined in 
the form of a simple equation which is derived from equation (13. 34) 
giving b; as a function of the irreducible integrals, the 6,’s. From this it 
will be shown that the higher members of the sum Ylv},Z' become 
suddenly important at volumes below a definite value, 2,. 

This volume v,, the volume per molecule of the saturated vapor, is 
also the volume for which (dP/dV)r of the gas, equation (13. 56), 
becomes zero. For volumes lower than v, and greater than v;, below 
which the },’s are volume dependent, the two quantities pressure and 
free energy are independent of the volume. Between »v, and v; the 
system undergoes a change of phase, the phenomenon of condensation. 
The fact that v; is the lower volume limit of this region of constant pres- 
sure and free energy identifies it with the volume of the condensed 
phase. 

Above a certain temperature 7’, the critical temperature, there is no 
condensation range, no volume for which (dP /dV)r is zero. 

The system is found to have a second characteristic temperature 
Tm, which is lower than T,. Between these two temperatures the 
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region for which the pressure is independent of the volume, (0P/dV)r 
is zero, the properties of the system are not those usually associated with 
condensation. This critical region, which is not included in the descrip- 
tion of the system derived from the van der Waals equation, has not 
been gencrally recognized experimentally. Many of the experimental 
facts, however, can best be interpreted by assuming its reality. 


14b. The Value of the Cluster Integrals 6, for Large Values of / 
Equation (13. 34) which gives the cluster integral b, in terms of the 
irreducible integrals fy, 


1 16)" 
(14. 1) b = a roo, 
Neg k Ny e 
2kn,=I—1 


is scarcely practical for the evaluation of b, if lis very large. One may, 
however, employ the same mcthod that was used in section 13d to handle 
the very similar equation (13. 10) for Q,/N !. 

Equation (1) expresses b; as a sum of terms. The total number of 
these terms is the partitio numerorum of l — 1, the logarithm of which is 
proportional to U!/? for large l values. The logarithm of the largest 
term will be found to be proportional tol. If all the terms are positive, 
that is, if all the irreducible integrals 6, are positive, the logarithm of the 
sum of terms may be replaced by the logarithm of the largest term, at 
least for great values of l. For the logarithm of one term 7’, using the 
Stirling approximation, one obtains 

k=I-1 
(14. 2) In T = z n, (In i8, + 1 — Inn.) — 2 In 2, 
which is to be made a maximum by variation of the values of the n,’s, 
subject to the condition that 
k=1-1 
(14. 3) » kn, =1— 1, 
k>1 

Multiplication of (3) by the unknown constant In p and addition to (2) 
gives an expression which must be zero for the largest term if differenti- 
ated with respect to any nx, 


= rin 28g -+ 1 — In my + K In p) = In 16, — Inm + kInp = 0, 
k 


(14. 4) my, = 18,p*. 


Equation (4) gives the value of 1, for the maximum term, analogously to 
equation (13. 14) for mm. The parameter p is seen to have the dimen- 
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sions of inverse volume, as has Z, since 6, has the dimensions of volume 
to the power k. If (4) is used in (3) the equation determining p is found 
in the same manner that that for Z was found in section 13d. Neglect- 
ing the difference between 1 — 1 and J, 

k =1—1 


(14. 5) xX kBy* = 1 
k=1 


is obtained. There will be only one real positive root of p to this equa- 
tion as long as all #,’s are positive. 

Inserting (4) in (2), and using this value of the logarithm of the 
largest term as the value of the logarithm of }; for large values of 1, one 
finds, with omission of the negligible term In J, 


k=l—1 
(14. 6) In 6; = In Trax, = i( Zz Bup* —In r) ) 
k=1 


which is analogous to equation (13. 16) for In(Q,/N !). 

Equation (6) gives the limiting value of In }; as l approaches infinity. 
This value is proportional to J, and if In bp is defined as 1/l times this 
limit, that is, as 


k=1-1 


| 
(14. 7) Inbo = YE Bye —Inp, bg = — ePhueM 
k =1 p 


then 
lim In & = UIn bp. 
l—>co 
For Q,/N ! the limiting value of the logarithm for large values of N 
was entirely sufficient, and for the cluster integrals the limiting value of 
In &: will also be found to be sufficient for our purposes, although the 
equations which we have use the quantity }; itself and not its logarithm. 
The logarithm of b; may differ from 1 In bp by an additive function 
In f(,8) which depends on both the value of 2 and the values of the 
irreducible integrals, 6,. We have shown that the quantity In f(1,8) is 
small compared to J, that is, that 


(14. 8) lim ei fe) = 0, 
l—>00 l 


but, of course, the condition (8) still allows f(1,8) to be a factor of }, 
which differs considerably from unity. By the introduction of this 
function, f(1,8), which need not be a continuous analytical function of l, 
and presumably is not for small values of J at least, one may write as an 
exact equation for b,, for all 2 values, 


(14. 9) b, = f (1,8). 
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Equation (9) really defines the function f(1,8), but the one condition of 
this function, namely, that of equation (8), will be all that we shall need. 


Actually by the method of steepest descents,* or by a method of quadratures, t 
the function f(l,8) can be shown to be 


1 p 
ls) = — —=-——_ 
TO) * ish Gr Deo) 
for large values of J, as long as the sum 2.28," converges. This information 
is entirely unnecessary for the purposes of this chapter. 


The method of using the logarithm of the largest term for the logarithm 
of the sum is rigorous only if all the irreducible integrals 6, arc positive. 
In Appendix A XI it is shown that equations (7) and (9) are actually 
valid wherever (5) has a positive real solution for p. The smallest 
positive real root of (5) is always the correct one. 


14c. Large Clusters Present at Equilibrium 
With equation (8) for b;, equation (13. 5), determining Z, may be 
written 


l=N l=N 
(14. 10) XY bbZ' =X lWf(,8) (boZ)' = 1, 
l=1 t=1 
or 
1=N 
(14. 11) > Uf(l,8) (boZ) = vo!” 
l=1 


These sums contain a finite although very large number of terms, the 
value of 7 running from unity to N, the total number of molecules. The 
lth term of (10), lvb,Z', is the fraction of the molecules in clusters of 
size l, 

The value of v! calculated from (11) for different values of the param- 
eter Z is plotted against this quantity in Fig. 14. 1, for some arbitrary 
temperature below the critical temperature, for which all the b;’s are 
positive. For Z = 0 the value of v is zero, v = ©. The first term of 
the sum (11) is just Z, since b; is unity, equation (13. 29), and for 
sufficiently small values of Z all other terms may be neglected, so that 
the curve starts out at small Z values with a 45° slope, Z = uv, a fact 
which has already been discussed in section 13e. With increasing Z the 
higher terms, which are all positive, begin to become important, and 
v! increases more rapidly than Z. 

Until the point Z = bo", boZ = 1, the highest terms of the sum (11) 


* Max Born and K. Fuchs, Proc. Roy. Soc., London, A166, 391 (1938). 
t J. E. Mayer and S. F. Harrison, J. Chem. Phys., 6, 87 (1938). 
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do not contribute to the value of the sum, but above this value of Z 

they become enormous, and the curve increases practically vertically. 

This is a consequence of the limitation (8) on In f(U,8), namely, that this 
quantity divided by / approaches zero 
for sufficiently large values of U. 


é To show this let us consider the last 
t term of the sum (11) for which tl = N. 
. If boZ has the value 

boZ = é, 


then when e is zero bobZ = 1, when ¢ is 
negative it is smaller than unity, and 
when e is positive it 1s Jarger than unity. 


0 The logarithm of the last term, T'y, of 
0 b} ‘ 
Z—» ° (11) 18 
Fig. 14.1. Plot of In Ty = In N + Inf(N,8) + Ne. 


yt = = If(1,8)(boZ)* against Z. Now In N is a comparatively small 
mae quantity; it is only about 54 for 
N = 10”3; the condition (8) for In f(2,6) requires that In (N,8) be much 
smaller than N, so that the term Ne is the most important part of In 7’y. 
If e, then, is negative, In T'y is negative and the last term of the sum 
(11) is very small; but if € is positive the logarithm of the term is posi- 
tive and the term is large. With N = 10°°, for an increase in ¢ by an 
amount 107!°, Ne and In T'y increase by 10'°, which means that the 
contribution of the last term to the sum (11) increases by almost 10!" 
fold. As soon as the last term of this sum becomes appreciable, which 
it does at Z = bo, « = 0, the increase in the value of the sum for very 
small increase in Z is enormous. 
The volume per molecule when bpZ = 1 will be designated by v, and 
will be shown to be the volume per molecule of the saturated vapor. 
It is determined by the equation 


l=N 
(14, 12) x (6) = v1. 
i=1 


This sum (12) actually converges, so that v, is not zero, as will become 
evident from an alternate equation, (23), for v, which will be developed 
in the next section. 

If the series (11) were an infinite series, that is, had an infinite num- 
ber of terms instead of terminating at the term! = N, the point Z = bo” 
would be a point of irregularity of the series. It is a finite sum, how- 
ever, but the value of the sum increases so rapidly with Z when Zbp is 
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just greater than unity that one may say conversely that, for all given 
values of the sum, » “, greater than v,', the solution for Z is b>. This, 
however, is true only as long as ); is volume independent for all l’s, that 
is, true only down to vy. We may write 


(14. 13) boZ = 1 (up Su < dz), 

or from (7) for }o, 

(14. 14) InZ =Inp — ¥ Byp* (vy Su < 0,4). 
k>1 


However, although Z and all small powers of Z may be regarded as 
constant in the volume range between v, and vs, the power Z', when 1 is 
approximately N, is not constant. It is just the increase in these 
values which accounts for the increase in the sum (11) as v~ increases 
from v;! to v7'. The higher terms of the sum (10), which give the 
fraction of material in large clusters, increase in value as the volume 
decreases from v, to vy. The terms of the smaller clusters decrease 
linearly with v in this range. The fraction of molecules in small clusters 
is proportional to the volume for volumes between v, and v7; the den- 
sity, or number per unit volume, of these small clusters remains constant. 
The fraction of material in large clusters is proportional to (v, — v)/v, 
in this volume range. 

At the volume »;, the volume of the condensed phase, the density of 
the small clusters has the same value that it has at v,, where the system 
consists only of the saturated vapor. We may interpret this as meaning 
that the solubility of the saturated vapor, measured in volume units, 
in the condensed phase, is unity. The vapor pressure of the condensed 
phase is duc to the kinetic collisions of these small clusters with the 
walis of the vessel. The increased pressure, as the volume is reduced 
below v;, is due to the volume dependence of the cluster integrals 0). 


14d. The Pressure and Free Energy in the Condensation Range 

We shall now prove that between the two volumes v, and vs, where 
Z is constant, the pressure P and free energy F = A + PV are both 
independent of the volume. This is the thermodynamic criterion for a 
volume region in which the material is changing from one phase into 
another. 

Equation (13. 16) for the logarithm of the configuration integral in 
terms of the cluster integrals b,, 


Q, 
N! 


is applicable at all volumes per molecule v, 


(14. 15) In = N(>v),Z' — In Z), 
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We shall limit ourselves to volumes greater than v,, for which the 
cluster integrals b, do not depend on the volume, and calculate the pres- 
sure P from equation (10. 53’) as 


poe (? In (Q,/N ) 7 In (2 In (Q,/N ») | 
° OV T N Ov T 


kT 
= =| ob ~ (Lbb,Z' — 1) (; zs =) | 
v Olnv/r 


Since Z is so determined that Ylvb,Z' = 1, the equation becomes 


kT 
(14. 16) P=— 5 eta = — — EN vz 


This equation has already been proved to hold in the region where the 
system is completely gaseous, equation (13. 48), by differentiation of 
the expanded form of In (Q,/N !). 

The pressure is kT /V times the total number of clusters, since each 
term, Nvb,Z', in the sum of (16) is the number of clusters of size 1 in the 
equilibrium distribution, equation (13. 14). Although the fraction of 
material in the large clusters may be appreciable, their total number 
must be negligible, and since each contributes only as much to the pres- 
sure as a single free molecule, the contribution to the pressure of the 
very large clusters may be neglected. The number of small clusters, 
of which there are very many, is just proportional to the volume, in the 
condensation range between », and vs, so that the pressure, number of 
clusters divided by the volume, remains constant in this range. 

Expressed mathematically, (16) may he differentiated 


_foP oP 
i (=).- " (FS), =e ro(> ), Lh2, 
oP kT fIlnZ kT falnZ 
OR TEE (=) - v LlobZ (; In =) = (5 In 2) 


(dln Z/d lnv)r may be determined by the condition that the sum 
Ylvd,Z' is constant, 


rs] 
Gr .) A et LY d,Z! ~~ > a) b,Z! Ge In 2) 
dln Olnv 


olnZ 1 
ane (327) =~ Free 
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Using (18) in (17) gives 


oP kT 1 
14, 19 i eng ae 
( . Gr vy YPrd,Z! 


In the volume range between », and v, the sum Llvb,Z' contains 
terms of extremely large 7 values with magnitudes which are not negli- 
gible compared to unity. In the sum /*vb,Z' these terms are Lfold 
greater than in lb,Z'. 

Even one cluster of very small, but macroscopic magnitude, in the 
system, say one containing as little as a milligram of material, has 
about 10-° mole or 10!® molecules in it. The fraction of material, 
lyb,Z', in such a cluster, if the system contains a mole, is only 1075, but 
since 1 = 10!8, the corresponding term [7vb,Z' is 10". 

In the condensation range, between v, and vs, the sum Sl7vb,Z! in the 
denominator of (19) is enormous, and the quantity V(@P/dV)r is 
essentially zero. 

The free energy F is calculated from A + PV, using A = —kT In Q. 
The complete normalized phase integral Q is 


oe — 
Re N! 


from equation (10. 50’), so that, with (15), the work function A per 
mole is 


2 \3/2 
(14, 20) A= RT in ree : —Svb,Z' + In z | 
2rmkT 


Adding to this PV from (16), 


h? 3/2 
14, 21 F=A+PV=kT | —— Z. 
( cou nea (5) 

The complete volume dependence of F is in the term Z, which has 
been shown to have the value bp! throughout the condensation range 
from v, to vs. F is independent of the volume in the region of con- 
densation. 


14e. The Determination of the Volume per Molecule, v,, of the Satu- 
rated Vapor 

In the previous section we have seen that there is a condensation 

range between the two volumes v, and v,; where the sum Llvb,Z' does 

not converge. The equations of the last chapter, namely, develop- 

ments of the thermodynamic functions in inverse powers of the volume, 

are valid only for volumes above »v,, for which the system is entirely 
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gaseous. We shall now show how the equations of the last chapter 
and those of the previous section join at v = v,. In addition, equation 
(12) for v, is inconvenient for numerical calculation because of its use 
of the undetermined function f(1,8). We shall arrive at an alternate 
equation for the volume per molecule of the saturated vapor 2,. 

If we return to equation (13. 56) for V(dP/dV)7, which is valid 
only in the gaseous phase, that 


oP kT 
(14. 22) v (=) == 1 sae 2 ao | ) 
OV T v 
it is seen that, when »v takes the value v, defined as the largest positive 
root of the equation 


(14, 23) xX kev, * = 1, 
k> 1 


the quantity (0P/dV’)7 becomes zero, the pressure no longer increases 
with decreasing volume. 

The question arises, however, whether the volume », is smaller than 
the volume »,, in which case the equation (22) would be invalid, since 
then v, would be a volume in the region of condensation. We shall 
show that v, and v, are identical, and shall do this by showing that Z, is 
equal to bo’ at v,, the value it has in the condensation region, but is 
smaller than this at all volumes higher than v,. 

Comparison of equation (23) with (5) shows that 


(14. 24) i, =p. 
If now equation (13. 42), that 
(14, 25) InZ = —Inv— ¥ By *, 
k> 1 
is used for Z, at the volume v, = p', 
(14. 26) InZ, =Inp — ¥ Bue“ 
k>1 


is found. This equation is identical with (14) for the value of In Z in 
the region of condensation for which Z = bo?. 

Now equation (25) is valid as long as the sum Yilvb,Z' converges, that 
is, as long as Z is smaller than Z, and boZ is smaller than unity. In 
particular it is certain that the equation is valid for very large values 
of the volume v. If (25) is differentiated with respect to In v one obtains 


(14. 27) (5 a 2) = — (1 —-> kae*), 


0 Inv k>1 


which shows that (dln Z/d Inv) is negative and Z is smaller than Z, 
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for all volumes larger than v,, which, by the definition of equation (23), 
is the largest volume for which (27) is zero. 

It follows that for all volumes greater than v, the parameter Z is 
smaller than b>! and the sum Llvb,Z' converges. For these volumes 
the system is entirely gaseous, no large clusters are present, and all the 
equations of the previous chapter are valid. ‘The volume », defined by 
(23) is the largest volume for which Z = bj, and is therefore the same 
as v, defined by equation (12). 

At low temperatures, as will be shown in greater detail in the follow- 
ing section, all the 6,’s are positive. It follows, therefore, that equation 
(23) has a positive non-infinite root, and v, is not zero. At sufficiently 
low temperatures, then, condensation takes place. 

The thermodynamic equations for the saturated vapor are the equa- 
tions of Chapter 13 for the imperfect gas with the volume », = v, = p", 
defined by equation (23). The vapor pressure of the liquid is given 
by the equation for the pressure of the imperfect gas at this volume, 
and the free energy F of the liquid at its own vapor pressure is the free 
encrgy of the vapor. 


14f. The Dependence of the Irreducible Integrals on the Temperature 

The general predictions which we have been able to make so far about 
the behavior of the system have been almost independent of any assump- 
tions concerning the values of the irreducible integrals 6,. In order to 
proceed further it will be necessary to examine these integrals and to 
attempt to predict certain characteristics of their dependence on the 
temperature. Unfortunately, accurate numerical evaluation of the 
integrals themselves, even with rather simple assumed forms for the 
potential u(r) between two molecules, is possible only for the first two 
or three members of the series. 

The first integral 8; can be evaluated readily as 


fe 6) 
(14, 28) © p= f Agr? (e M/k? _ 1) dp 
0 


for any assumed potential u(r), if necessary by graphical integration. 
In section 12c, equation (12. 19), it was found that 6,, which was there 
simply designated as 8, was approximately given by 


1 a 
14, 29 ~B, =—-—b. 
( ) , By Tp 
This equation holds moderately well for high temperatures, 6, actually 
increasing more rapidly with decreasing temperature than is indicated 
by this equation as 7’ becomes very small and a/kT becomes large 
compared to b. 
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The second integral 82, equation (13. 27), may be evaluated ana- 
lytically using a fairly accurate approximation to the true potential, 
u(r), without too much difficulty. It is found that, whereas at very 
low temperatures it is positive and considerably larger than 63, it 
decreases with rising temperature much more rapidly than 67 and 
becomes negative at a tempcrature about three and a half times lower 
than the temperature at which 6; becomes negative. 

The third integral, 83, equation (13. 28), is considerably more dif- 
ficult, but rough values* may be obtained by making approximations 
for the potential u(r). It appears, unfortunately, to be rather strongly 
dependent on the exact form of the potential used, so that it is doubtful 
that the values so obtained are of great accuracy. 63 has the dimen- 
sions v®, which are the same as 6% and 63’. At low temperatures B3 is 
larger than either 6; or 65’*, and it decreases with temperature more 
rapidly than either of these quantities, crossing zero to become negative 
at a temperature slightly lower than the temperature at which 82 becomes 
negative. 

The higher members of the series of integrals would be impracticably 
difficult to calculate, but some estimations of their behavior may be 
made. It is certain that they must all be positive at sufficiently low 
temperatures, and that, at low temperatures at least, they must decrease 
in value as the temperature increases. It appears to be probable that 
they all become negative, or at least decrease to values which are negli- 
gible compared to 6x at about the same temperature that 2 and 83 
become negative. 

B, is the second virial coefficient of the gas, and the temperature at 
which it is zero is known as the Boyle temperature. The three-and-a- 
half-fold lower temperature at which 82 and 83, and also presumably all 
the higher 6,’s, become zero, is then slightly lower than the observed 
value of the critical temperature in most gases. 

The integrand of each of the terms making up a certain irreducible 
integral 6, is a product of functions f,;;, Each of these functions has a 
maximum positive value when the distance r,; between the molecules 
takes the value for which the potential u(r;;) isa minimum. This maxi- 
mum value of the funetion f;; is very high at low temperatures. The 
terms in #, with a large number of functions f;; in the product will 
therefore contribute most to the integral at low temperatures. There 
is, however, an upper limit of approximately twelve functions per mole- 
cule which may all have simultaneously nearly their maximum values 
in any part of the configuration space. At low temperatures, then, 
the most important contribution to #, will be expected to arise from 


* Sally F. Harrison, Dissertation, the Johns Hopkins University, 1938. 
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those terms for which there are approximately twelve f;;’s per molecule. 
At higher temperatures the maximum value of the functions is lower, 
whereas the negative value of approximately minus one in the region of 
low r;; values, where the potential is positive, is almost independent of 
the temperature. The terms with a smaller number of product func- 
tions become relatively more important contributors to the complete 
integral 6, as the temperature increases. 

For very large k values, and at low temperatures for which all the 
integrals are positive, the logarithm of 6, will be proportional to k, so 
that one may define Bp, with the dimensions of volume, analogously 
to the definition of by, as 


1 
(14. 30) lim =~ In 6, = In By. 
k—>02 k 


Just as with b in equation (9), one may write 
(14. 31) Be = f(k,T)Bo, 


in which this equation (31) defines the function f(k,7), about which we 
only know that 


(14. 32) lim : In f(k,T) = 0. 
k—> k 


However, certain characteristics of this function f(k,7) may be stated 
with reasonable certainty. For k values lower than 15 or 20 there is no 
term in the integrand of 6, containing as many as twelve f;;’s per mole- 
cule for which all the functions can take their maximum values simul- 
taneously in any part of the configuration space. Consequently at very 
low temperatures the kth root of 8, for these low k values must be con- 
siderably smaller than 89, which is the kth root of 8, as k approaches 
infinity. This means that for low temperatures and relatively small 
values of k the function f(k,7’) must be extremely small compared to 
unity. 

Furthermore, we may estimate the behavior of this function f(k,7T) 
for very large values of k. The most important terms in the integrand 
of 8, will be those for which there is a function f,; for every one of the 
distances r;; which can simultaneously take the optimum value at which 
u(r;;)isaminimum. Ina term of large k value there will be a number of 
molecules proportional to k?/*, which will be on the surface of the corre- 
sponding diagram, and which cannot be the optimum distance from as 
many neighboring molecules as those in the interior of the frame. These 
molecules will contribute, on the average, less to the total integral than 
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Bo, so that the most important factor of f(k,7') will be a constant, less 
than unity, raised to the power k?/?, 

The fact that f(k,7) is small for low k values, and for high k’s 
approaches zero as € 7’, with y positive, assures us that the sum of 
f(k,7’) over all k values will be small, at least at low temperatures. As 
the temperature becomes higher the terms in (6, with fewer prod- 
ucts f;; become relatively more important, and the difference of the 
contribution to the integral §, due to the molccules on the surface and 
those in the interior decreases. Therefore y decreases and f(k,T) 
increases with temperature, whereas Bo decreases with increasing 
temperature. 

To summarize, then, this can be said about the irreducible integrals 
By. For temperatures lower than about the neighborhood of the critical 
point of the system, all @,’s will be positive and will be represented by 
equation (31). The function f(k,7’) in this equation converges to zero 
with increasing k as eke and will be very small for all k’s at low 
temperatures. The function f(k,7') increases with increasing tempera- 
ture. The quantity 8) decreases with increasing temperature. At a 
temperature approximately that of the critical point the 6,’s of higher k 
values become negative, 6; remaining positive until a temperature 
about three and a half times higher than this, the Boyle temperature of 
the gas. 

Using these properties of the integrals 6, we shall show that the 
system must have a critical point at the temperature 7’, above which no 
condensation phenomenon exists, that is, above which (dP/dV)7 is 
nowhere zero. There must also be a second characteristic temperature 
Tm for the system which is lower than 7, and the usual phenomena 
associated with condensation, namely, that the system separates into 
two phases of different density and that the pressure of the supersatu- 
rated vapor is higher than the equilibrium vapor pressure, occur only 
below the temperature 7,,. The temperature 7, must be slightly 
higher than the temperature at which the #,’s of high k values become 
negative, and the temperature 7, is presumably lower than this 


temperature. 


14g. The Critical Point 
Since v, of equation (23) has been identified with the volume », of the 


saturated vapor, this equation may be used for the determination of 
v,, rather than the unwieldy definition (12) which contains the undeter- 
mined function f(1,8). 

As long as all @,’s are positive, which is true at low temperatures, 
equation (23) will have only one real positive root. The derivation of 
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equation (7) for bp in section 14b was rigorous only if all the ,’s are 
positive, and the identification of the root v, of (23) as the volume », 
at which bo)Z becomes unity was dependent on (7). The more involved 
method of Appendix A XI shows that the complete argument is valid as 
long as there exists a real positive root to (23). 

As the temperature increases, some, at least, of the integrals 6, with 
high k values become negative, whereas the first, 8,, remains positive to 
much higher temperatures. There exists a temperature 7’,, above which 
there is no positive root to (23), that is, no volume », for which (8P/dV) 7 
becomes zero and for which b)Z is unity. This temperature, the highest 


vs at Tm v;' 
v—> 
k=N-1 
Fia. 14.2. Plotof 2° k6,v* against v' at different temperatures. 
k=1 


for which (0P/dV)7 has anywhere a zero value, is called the critical 
temperature. 

This can best be illustrated by a plot of the sum Lk6,v~ against the 
reciprocal volume vo! at temperatures in the neighborhood of the critical 
value, Fig. 14. 2, Curves IV, V, and VI. With the first coefficient, 8, 
positive, the sum rises, at first linearly with vo, from zero at v' = 0, 
with the slope 8,. If the higher 6,’s are negative the slope of the curve 
rapidly diminishes through zero to a negative value. 

At temperatures below 7’., Curve IV, the maximum value of the sum is 
greater than unity, and the largest root v, of (23) is given by the value of 
v where the curve first crosses unity. At a temperature above T7',, 
Curve VI, with 8; still positive but smaller than at the lower tempera- 
ture, and the higher 6,’s more negative, the curve does not attain the 
value unity. At exactly 7, Curve V, the maximum of the sum Just 
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reaches unity, and the maximum of the curve is at v,. This value of 
v, at 7’. will be designated by »,, the critical volume per molecule. 
It is clear from the figure that at the maximum of the sum 


0 = aah 
reas Lkso* = 0 = 0Lk*6. 
This condition must be fulfilled at the critical point. The critical point, 
then, is determined by the two conditions, namely, that simultaneously 


(23), kG, * = 1, and 
(14. 33) ms k?6,07* = (0) 
k>1 


are fulfilled, which will be true only at the single temperature 7, and 


volume 2. 
Since (22) states that 


V? /aP ahs 
aw), i. R sa Te 


it is evident from the plot that, at T,, (@P/dV )7 is negative at all volumes 
above and below the critical volume »,, having the value zero only at 
this volume. The point », is an inflection point of zero slope on the 
isothermal plot of P against v, At higher temperatures, Curve VI, the 
inflection point occurs at the volume for which 6,» is a maximum, 
¥k?6v,* = 0, but where the first sum is smaller than unity, so that 
(oP /dV)r is negative at all volumes. 


14h. The Temperature 7,, 

A further analysis of the plot of kG, against the reciprocal volume 
v | indicates that the system must have a second characteristic tempera- 
ture Tm, below T,. A careful examination of the properties of the 
system shows that the usual phenomena associated with condensation 
appear only below 7,,. If, in the range of low temperatures for which 


k=N 
both Bp and f(k,7) of (31) are positive, the sum > k6,v*, which, it 
k=1 


must be remembered, contains only a finite number of terms, is plotted 
against v?, one obtains curves like I, II, and III of Fig. 14. 2, resem- 
bling that of Fig. 14. 1, for X[1b,Z' against Z. 

For low values of v~! the curve increases linearly with v—!, the slope 
being the value of 8;. This slope increases as the positive terms of 
higher k values become important. At the volume for which Bgv? = 1 
the curve rises abruptly with increasing value of v~' with a slope which is 


practically infinite. 
If, as in Curve III, the value of the sum 1s greater than unity when 
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v = Bo, the volume 2, is larger than Bp, and the volume v = Qo is in the 
condensation region where the equations for the gas are invalid and would 
lead to the physically ridiculous case that (0P/dV)r be positive. If, 
however, the sum °k#,v—~ is less than unity as v! = 69 is approached, 
Curve I, the curve crosses unity abruptly at a value of v~ infinitesimally 
greater than @o/, that is, at a volume infinitesimally smaller than Bo. 

Using equation (31) for 8, it is seen that the value of the sum when 
Bou! = 1 is given by 


k=N k=N 
(14. 34) rks = YK (kT) (Bow! = 1). 
k=1 k=1 


Since we have scen that it is to be expected that the function f(k,T) 
becomes extremely small at low temperatures, and increases with 
increasing temperature, one may expect that at sufficiently low tempera- 
tures the sum (34) will be less than unity. It must increase with 
temperature, and since f(1,7') = 8;/89, this member alone must be 
greater than unity at some temperature lower than T, where the higher 
B,’8 are approaching zero while 6; remains positive and moderately 
large. There must, therefore, be some temperature 7T,,, for which 


k=N 
(14. 35) Lk (kT) =1, T=Tm 
k=1 


and this temperature 7',, must be lower than the critical temperature T’.. 
For temperatures equal to and lower than 7,,, v, is determined by the 
equation 


(14. 36) Ve = Bo, re< Tm; 


since the curve of <k6,v* crosses unity at this value of the volume in 
this temperature range, Curves I and ITI of the figure. Between T', 
and 7’, equation (23) that °k6,v;* = 1 must be used for the determina- 
tion of v5. 


141. The Physical Interpretation of 7,, 

The equation SWvb,Z' = 1, the solution of which determines Z as a 
function of the volume and temperature, has two distinct ranges, 
depending primarily on the volume v: that for which v is greater than 
v,, and the sum converges; and that for volumes less than v, for which the 
solution boZ is determined by the higher terms of the sum. Below v; 
the solution is still determined by the higher members ‘of the sum, but 
the 6;,’s are volume dependent, and their [th root is no longer given by the 
simple volume-independent quantity bp. 

Similarly, the equation 56,0, * = 1, the solution of which determines 
v,, the volume per molecule of the saturated vapor, as a function of the 
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temperature, has three ranges which depend on the temperature only. 
For the upper temperature range, J’ > T',, there is no real positive root 
to the equation. Between 7, and 7, the sum converges at the volume 
v, which is the root of the equation. For T < T,, the solution v, = Bo 
is determined by the higher members of the sum. 
In the next section the equa- 
t tion for d In v,/d In T will be de- 
Brecsura rived, and, as may be expected, 
Volume it will be evident that this 
quantity is discontinuous at Tm. 
In Fig. 14. 3, the isothermals 
of pressure plotted against vol- 
ume in the neighborhood of the 
temperatures 7, and Tm, and 


YY be “A for volumes near v, and vy, are 
BRA shown. The curves for volumes 
RRA of vs and below are pure im- 
vy \ provisations based on experi- 
\ V, mental knowledge. For vol- 
umes higher than v;, however, 
Fic. 14. 3. Plot of pressure against volume the general character of the 
at different temperatures near the critical curves follows unambiguously 
Lemaperavure: from the fequations. The sig- 
nificant feature of these curves is the change in character above and below 
the temperature 7,,. Above this temperature the sum 3 k6,v* ap- 
proaches unity continuously as the volume decreases to v,, and con- 
sequently the slope of the isothermals, (0P/dV)7, equation (22), is 
continuous through v,. Below Tm thesum k6,v— approaches a value 
less than unity for volumes infinitesimally greater than v,, and the 
slope, (0P/dV)7, of the isothermals is discontinuous at v,. The be- 
havior below 7’, is the one usually associated with condensation. 

For temperatures lower than 7’, one may draw a continuation of the 
curve for the gas into the region of condensation, a continuation which 
represents the higher pressure of the supersaturated vapor. The mean- 
ing of this continuation in the equations is not hard to discover. If the 
configuration space, over which the original integration of the configura- 
tion integral is extended, were limited not to include regions for which 
many molecules are all close to each other, the cluster integrals }; of 
large 1 values would be absent from the integral. In this case the sum 
* ¥k6,v* would be limited to contain only a few members with low 
values of k, and would not show the sharp rise at » = Bo given in the 
curves of Fig. 14. 2. 
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The system so inhibited corresponds to the supersaturated vapor 
when the volume is lower than v,. Large clusters are inhibited from 
forming in this system, and the equations for it would lead to pressures 
and free energies higher than that of the mixture of saturated vapor- 
condensed phase, for volumes between v, and v;. This system, without 
large clusters, is thermodynamically unstable in the volume range 
of condensation, and the real system will separate into two phases 
of densities v; | and v,! if held at a total volume between Nv, and 
Nov fe 

At temperatures above 7’, no such extrapolation of the gaseous curve 
to higher pressures in the condensation region is possible. The con- 
tinuation of the curve for the gas leads directly to a range for which the 
pressure does not increase with decreasing volume. A system inhibited 
to contain only comparatively small clusters, but an unlimited number 
of them, has practically the same free energy as one in which one very 
large cluster is present and fewer medium-sized ones. If the sum 
¥k6,0-* converges at v,, the Ith root of the cluster integral b; is inde- 
pendent of l and has reached the value bp even at comparatively small 
values of 1. 

There is no reason to believe that a system, the volume of which is 
decreased, at a constant temperature between 7’, and T,, through the 
range between v, and vy, will show the characteristic separation into two 
phases which occurs below 7m. The replacement of many medium- 
sized clusters in the system with one very large cluster does not result 
in an appreciable reduction in pressure or free energy. There is no 
thermodynamic driving force tending to separate the system into two 
different phases. 

It can be shown* that the assumption which we have already pointed 
out to be reasonable in section 14f, that (1/k) In f(k,7’) goes to zero as 
—yk—!/3 leads to a term which may be interpreted as the surface ten- 
sion of the condensed phase at temperatures lower than 7, but the 
equations definitely show that there can be no surface tension at tem- 
peratures higher than T,. The absence of the surface free energy above 
Tm is intimately connected with the equal stability of many small or 
medium-sized clusters, or one very large cluster, in the condensation 
range of volume. 

The temperature 7;, is the temperature at which the sharp meniscus 
separating the liquid from the gaseous phase will disappear in a system 
heated at constant volume v between the two values vgm and vsm at T'm. 
It is well known that the disappearance of the meniscus can be observed 
for a range of volumes, and is a phenomenon not limited to the single 


* J. E. Mayer and S. F. Harrison, J. Chem. Phys., 6, 87 (1938). 
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volume v,, as would be demanded by a P— V diagram such as the van der 
Waals equation predicts, Fig. 12. 2. 

There is considerable other evidence for the existence of this critical 
region, but it is difficult to ascertain experimentally to what extent the 
magnitude of the observed region in temperature and volume interval 
depends, wholly or in part, on the presence of impurities in the system. 
The equations discussed in this chapter indicate that it must be a 
phenomenon observable in a pure one-component system. Until 
numerical calculations of the @,’s can be performed, no indication of the 
theoretical temperature interval between 7, and T, is available. 
Experimental evidence* indicates that this difference is 10° to 15°, and 
the volume difference between v, and vs 10 to 20 per cent, for some 
materials. 


14j. The Thermodynamic Functions of the Saturated Vapor 
The equation for the determination of the volume per molecule, »,, 
of the saturated vapor, is 
(14. 37) Xx ks,v7* = 1, 
k>1 
the solution of which, below the temperature 7, where the true liquid 
phase exists, 1s determined by the higher terms only, 


(14. 38) Vs = Bo, 
1 
(14. 39) In Bo = lim -In Bx: 
k-—>oo K 


Since the sum (37) is constant one may set its derivative with respect 
to the —, of the temperature equal to zero, obtaining 


—k “s d In By vz 
Tin 7 ees )=0 LkB, mn 7? 
d Inv 
= a ay 
2k Buds ( dln ) 
dinv, >k6,(d ln p,/d ln T)v7* 
(4.40) et Sa 


Between 7, and 7, equation (40) is convenient to use, since both 
sums converge, so that the inclusion of only a few terms leads to a 
satisfactory approximate evaluation. The terms d In §,/d In T are 
negative, so that v, decreases with increasing temperature. At 7, in 


* See, for instance, Tapp, Steacie and Maass, Can. J. Research, 9, 217 (1933). 
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view of (33) that the sum >k?6,0-* is zero, the slope of v, against 7’ 
becomes minus infinity. 
Below 7’ it is more convenient to use (31) for 6,, so that 


din & — din f(k,7) on Bo 


(14, 41) dinT £4adinT din T 


If this is substituted in (40), one obtains 
dilnv, Yk,(d In f(k,T)/dln T)vr* din Bo 


a ter tere 
ee oe 
os 


The terms of very large k values in the sum ¥k6,v>* are appreciable in 
magnitude for 7 < Tm, so that the corresponding terms k?@,v;* are 
enormous and the sum in the denominator of the first expression above 
can be said to be infinite. In view of (32) the terms of the sum in the 
numerator must at least be appreciably smaller than those in the sum of 
the denominator. The first term of the above equation may then be 
set equal to zero below Tm. One obtains 


dinv, dln Bo 
dnT dInT’ 


(14, 42) T < Tm, 


which would be obtained by direct differentiation of (38). 

The sum }k6,v* approaches a definite value as v decreases to the 
value v,, and this limit of the sum is not unity, but smaller than unity, 
for values of the temperature lower than T,,. This limit is given by the 
equation 
(14. 43) lim x k6,o * = ¥ kf(k,T), 

v—>v, k> k>1 
or, what is the same thing, by calculation of the first few terms only of 
the sum ¥k,0; *, which converge quite rapidly. It is this limit (43) for 
this and similar sums which is to be used in the equations of the previous 
chapter to obtain the properties of the vapor at the saturation point. 
For instance, from (22) 


oP kT 
(14, 44) v(=) ean (1 _ Zz, k6,0, 7 


with equation (43) will give the value of (0P/dV)>r,, =, for the saturated 
vapor which would be measured by velocity of sound experiments, or by 
any other method in which the condensation of the vapor was inhibited. 
If the pressure of the system were gradually increased so that the forma- 
tion of large clusters was not inhibited, the sum should be extended to 
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include its members of high k value, so that the sum is unity, and 
(@P/dV)r = 0. 

For the pressure P, of the saturated vapor one may use equation 
(13. 46) with v = »,, 


kT k 
14. 45 P, =—|1- 5 -——— wr]. 
( ) Vs | ran j Pe? 


To obtain the total derivative of the vapor pressure with respect to the 


temperature one may use 

dP, OP, oP, dv. 
4. 46 = , 
(1 ) dT (SF). = & ) dT 
The term (dP/dv,)7 is zero so that 
dP, /aP.\_ k k lee 
14, 4 = {(—]=-—- 
( 9) dT e ) Us [1 - ~ Sed +1 lar (TB) Pe |. 


For temperatures below T,,, this expression 1s better altered by the use 
of (41) for dln 8,/d In T, which leads to 


dP, ; z 
= --[1- - Sarl ee as" 


aT 20, koi k + 1 dln T 
din Trek +ift | 


Using the fact that k?/(k + 1) = k — k/(k + 1) and that k6,0,* is 
unity, one obtains 


dP, k din bo (; ) 
e38) ap -<l(1 din T (1 - hei j Pie 


k Me ln fe) 
fikt+1 dinT ™* |’ 


In deriving this, use was made of the fact that the sum }k6,0;" is 
unity, which is not true at volumes infinitesimally greater than 1,. 
Equation (47) gives the value of (0P/dT)y for the saturated vapor if the 
limit (43) is inserted for the sum. It is to be noted that 
dP 8 AS S vapor __ condensed 


= eS OTe) 


dT AV N (vs — Us) 


(14, 48’) 


from equation (13. 57), which is the well-known thermodynamic 
Clausius-Clapeyron equation. From (48) it is seen that there is no 
discontinuity in dP,/dT or AS/AV at Tm, and consequently there is no 
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true change of phase in the condensed part of the system at this tempera- 
ture. 

The equations for the work function A, the entropy S, E, H, and Cy, 
for the saturated vapor may all be simply obtained by using the volume 
v, in the corresponding equation of Chapter 13 for the imperfect gas. 


14k. Phase Changes in the Condensed Phase 

It is possible to see, qualitatively at least, the relationship between the 
methods used here and the treatment of the crystal in Chapter 11. Itis 
also possible to ascertain the conditions under which a phase change 
would take place in the condensed phase. 

As has been stated in section 14f, the most important contributors to 
the irreducible integrals of large k will come from the terms in the inte- 
grand for which there are a considerable number of functions f;; per 
molecule. As was also pointed out in Chapter 13 these integrands may 
be represented by diagrams of numbered circles, representing molecules, 
connected by lines for each function f;; occurring in the product. For 
large k values three-dimensional diagrams are more enlightening than 
figures in a plane. 

The functions f;; are zero if the argument r;; is very large, and minus 
unity if this distance is extremely small, but they have a positive maxi- 
mum at the distance r;; for which the potential u(r;;) between two mole- 
culesisa minimum. The term in the integrand, then, will have its maxi- 
mum value if all the distances represented by lines in the figure (for 
which there are all functions f,; in the term) are as nearly as possible 
equal to this optimum distance. 

If a figure is drawn with k + 1 circles arranged in a three-dimensional 
close-packed lattice with twelve nearest neighbors to each circle (except 
those of the surface of the figure), and twelve lines are drawn from each 
circle to each of its twelve equidistant neighbors, this figure corresponds 
to one of the terms in the integrand of the irreducible integral B,. This 
term receives its maximum contribution to the integral 6, from that part 
of the configuration space where the molecules actually are arranged in 
the manner of the figure, that is, in the close-packed lattice structure. 

There will be approximately k ! such terms, or figures, corresponding 
to one lattice, since k ! different permutations can be performed between 
the molecules in the lattice. This cancels the k ! in the denominator of 
the definition, equation (13. 25), of By. 

There will also, of course, be many other terms in the integrand of 
8,, and among them others which correspond to perfectly regular 
arrangements of the molecules in other lattice types with differing num- 
bers of neighbors per molecule. 
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However, not only the terms in which there is one f;;, and a line in the 
figure, for every pair of neighboring molecules in the crystal should be 
said to belong to one crystal type, but others as well. For instance, 
there will be $nk-fold as many terms with just one line missing as there 
are with all the neighbors connected by lines, if 7 is the number of 
neighbors to every molecule in the crystal. There will also be approxi- 
mately 4(4nk) (4nk — 1)-fold as many terms with two lines missing, 
and roughly (4nk) !/(4nk — m) !m !-fold as many terms with m lines 
missing, at least for comparatively small values of m compared to 3nk. 
These terms also will contribute to the integral 6, chiefly from that part 
of the configuration space corresponding to the regular arrangement of 
the molecules in the particular lattice type to which the term with no 
lines missing corresponds. 

As well as the terms which differ from the prototype for the lattice 
type by the absence of certain lines or functions f;;, there will be terms 
which differ by having an excess of functions connecting molecules which 
are next to neighbors. In spite of the confusion as to exactly how many 
missing lines there may be, or how many lines too many, before the term 
is no longer said to belong to a certain lattice type, it will be possible to 
assign the terms which are the most important at low temperatures in 
the integrand of 6, to different lattice types. 

The integral over all the terms corresponding to the lattice type v 
will contribute the additive quantity 


f,(k,T) Bo, 
to the irreducible integral 6,, so that one may write 


Be = Df,(k,T)6o, 


where the summation is to be carried out over all lattice types ». 

As before, the total number of terms is comparatively small, and for 
the logarithm of 6, one may use the logarithm of the largest term in the 
sum, that which may be designated by the subscript v max. 

The limit of the kth root of 6, is Bo, whose logarithm is the limit of 
k~! times the logarithm of 6, as k approaches infinity. One then finds 
that 


Bo = Bo, max.° 


In general, one may expect transition temperatures such that below a 
certain temperature one crystal type contributes most to the integral, 
whereas above this temperature another type gives the maximum term. 
The derivative of the logarithm of 8 with respect to temperature will be 
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discontinuous at this temperature, and from (48) it is seen that dP,/dT 
will also be discontinuous at the transition temperature. 

Among the various terms fo, there must be some which do not corre- 
spond to any crystal type, but which have fewer functions f;; per mole- 
cule, and which correspond to the liquid. One of these terms appears 
always to be the maximum term at sufficiently high temperatures; the 
transition temperature at which it exceeds in value that of the optimum 
crystalline type is the fusion temperature. 

The various terms for the different crystalline lattices would offer no 
insurmountable difficulties to numerical evaluation. The integrand of 
the sum of all terms corresponding to one lattice type, or better, the 
logarithm of the sum, could be expanded as a power series in normal 
coordinates giving deviations from the position for which the integrand 
is &@ maximum, the stable configuration of that crystal type. The 
method is then closely analogous to that of Chapter 11. Unfortunately 
it is not clear as yet how this procedure could be applied to the terms 
corresponding to the liquid phase. 


141, The Cell Method of Calculating Liquid Partition Functions 

The method which, at the present time, appears to come closest to 
giving reasonable numerical values for the thermodynamic functions of 
liquids is entirely different from that discussed so far in this chapter and 
is not one which could be described as altogether satisfactory. It may 
be called the cell method. Briefly, it consists of estimating the contribu- 
tion of an average molecule to the complete configuration integral of the 
system, (10. 51). The configuration integral divided by N ! will be 
approximately the Nth power of the contribution from one mole- 
cule. 

In a liquid, the average molecule is presumably pretty well hemmed in 
by its neighbors and constrained to move in a space, or a cell, the volume 
of which is one-Nth the volume of the complete system. This cell in 
which the molecule can move is surrounded by other molecules, so that 
the potential energy of the one molecule considered will be a function of 
its position in the cell. Instead of writing this potential energy explicitly 
as a function of the positions of the neighbors, we may attempt to 
average by assuming some equilibrium or average position of the mole- 
cules surrounding the cell. 

For instance, the simplest assumption which could be made is that the 
surrounding molecules were located at the centers of the lattice points 
of a close-packed cubic lattice, one lattice point of which is the center of 
the cell in question. With some such assumption regarding the positions 
of the neighbors it is then possible to calculate the potential energy, 
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u(x,y,z), of the one molecule in its cell as a function of the displacements, 
L, y, 2, of the molecule from the center of the cell. 

Before going into further detail concerning the exact nature of the 
potential function u(z,y,z) the possibilities of its use may be investi- 
gated. The configuration integral Q. of the system is given by (10. 51) 
as 


‘Ad 
(14, 49) Q. = f J PRUs, os dag dry, 


in which U is the potential energy of the whole system, and the integra- 
tion is to be extended over the volume elements of the N molecules. 
As before, the discussion will be limited to monatomic molecules, for 
which dr; = dz; dy; dz;. 

By defining the cell integral, 


(14. 50) q, = f ff i eMeua/kT dy dy dz, 


over the volume v = V/N of one cell, one may attempt to write 


(14, 51) a = ay, 
since N ! permutations of the N molecules among the N cells lead to 
configurations with one molecule per cell. 

The validity of this method will be estimated by investigating the 
results obtained in two cases for which a control is possible, namely the 
perfect gas and the regular monatomic crystal. 

The comparison is readily made for a perfect gas. ‘The potential 
u(x,y,2) is zero, and the integral q, is just v, the volume of the cell, which 
is the volume per molecule in the gas. The cell method, equation (51), 


yields, then 


Q, _ os 
N17 N Ino, (u = 0). 


(14. 51’) In 


In contrast, direct integration of the general equation (49) with U = 0 
leads to 


(14. 49’) In =. =NinV—InN!= Niinv+ 1), (U =0). 


The difference of N between equations (49’) and (51’) is due to the 
neglect, in calculating (51’), of the possibility that more than one mole- 
cule could occupy a cell, leaving other cells empty. This-difference in 
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the two equations leads to a difference of R per mole in the calculated 
absolute entropy, a term which Eyring calls the communal entropy. 

One may be inclined to believe that for the perfect gas a model assum- 
ing the molecules to be limited to a distribution of one per cell would be 
particularly bad; however, the cell method leads to an error of only R 
per mole in the absolute entropy. 

The application of this cell method to a crystal leads to equations 
equivalent to the Einstein equations for the thermodynamic functions. 
One assumes that the potential energy u(x,y,z) of the molecule in the cell, 
as a function of the displacements x, y, z from the center of the cell, can 
be developed as a power scries in these displacements. The constant 
term may be set equal to zero, corresponding to the choice of zero for the 
minimum potential of the system. If the cell is symmetrically sur- 
rounded by neighbors the linear terms must have zero coefficients. For 
a regular (cubic) crystal the coefficients of the quadratic cross-product 
terms, xy, are zero, and the three remaining quadratic coefficients are 
equal. One may write 


(14. 52) | u(z,y,2z) = > (x? + y? + 2?) 


plus terms of higher order. If this is used in (50) for q, one finds 


+00 
(14. 53) q, = ff feo (22+u+2) de dy dz 
— 00 


QnkT\>!? 
since, for large enough values of a, the integration may be extended with- 
out error from minus to plus infinity, instead of only to the boundaries 
of the cell. 


Using (53) in (51), and the ‘resulting equation in (10. 50’) for the 
complete phase integral Q of the system, one obtains 


(14. 54) Q = es (nye 
[ECON 


The frequency » for the three isotropic vibrations of the molecule in 
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the cell of potential given by (52) is 


oe 
(14. 55) y= Lo 
2n Vm 
so that (54) may be written 
3N 
(14. 54’) Q = (=) 
hy 


By comparison with (11. 7) it is seen that this is the classical partition 
function for a crystal having 3/N identical frequencies. 

It is worthy of remark that if the communal entropy, # per mole, is 
added to this, which means the addition of N to the, value of In Q, one 
finds 


(14, 54’) In Q = 3N In - +N, 

4 
and for A = —kT In Q, 

hy 1 
(14. 56) A = 3NkT | in 2 At 


By comparison with (11. 42) this is seen to be the classical expression 
for the Debye crystal! In short, adding the communal entropy to the 
value obtained by the use of the cell method with equation (51) leads to 
an equation in agreement with that obtained from the Debye mcthod. 

The agreement, however, is somewhat illusory, since the frequency 
of equation (56) with which one molecule would vibrate in its cell if the 
surrounding molecules were fixed in position is not that of the maximum 
Debye frequency with which the molecules vibrate against each other. 
The error introduced by using (54’) for the partition function of a crystal 
depends considerably on the type of forces between the molecules of the 
lattice, since these determine the ratio of the frequency (55) to the maxi- 
mum Debye frequency of the crystal. ° One may, however, be in con- 
siderable doubt whether, in using this cell method, one would do better to 
add the communal entropy by adding N to the value of In Q, given by 
equation (51) even for a crystal, or to omit it, and use (51) directly.* 

The equation equivalent to (51) which one would use for Q,/N ! if 
the system is such that the communal entropy is to be added is, then, 

Q, 


(14. 57) alae (eq,)”. 


*O. K. Rice, J. Chem. Phys., 7, 883 (1939). 
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This equation, (57), and not (51), gives the correct value of the con- 
figuration integral Q, for a perfect gas. 

Eyring* has assumed that the communal entropy should be omitted 
and equation (51) used in calculations for a crystal, but that this entropy 
term should be added by the use of (57) in making calculations for a 
liquid. The communal entropy of & per mole enters, then, at fusion, 
and, according to Eyring, accounts for a considerable part of the entropy 
of melting. This viewpoint has been attacked,t and apparently with 
considerable justification. 

In addition to the doubt concerning the so-called communal entropy 
there remains a considerable awkwardness in the interpretation of the 
potential u(z,y,z) to be used in equation (50) forq,. The total potential 
energy U of the system is the sum of the mutual potentials u,; of the 
4N(N — 1) pairs, i and j, of molecules. If the sum of all the potential 
pairs between the molecule in the cell and its neighbors is used for calcu- 
lating w(x,y,z), then the sum of these cell potentials over all cells gives 
twice the total potential energy U of the system, since the potential of 
each pair is counted twice. In determining the potential wy of the cen- 
ter of the cell it is therefore necessary to halve the sum of the potential 
pairs of the molecule at this position with all its surrounding neighbors. 

If, on the other hand, one desires to calculate u(z,y,z) in such a way 
that the correct total potential is given by (VN — 1)uy + wu(z,y,z) when 
all but one molecule occupies its cell center, and the one is displaced to 
x, y, 2, then the ¢otal increase in all mutual potential pairs connected to 
the displaced molecule must be counted into u(z,y,z). Thus the force 
constant a of equation (52) should be calculated from the sum of all 
potential pairs between all other molecules and the one of the cell, if the 
frequency v of equation (55) is to be the actual frequency with which 
one molecule would vibrate in its cell if the neighbors were held at fixed 
positions. 

The cell potential is then calculated in the somewhat arbitrary way of 
counting only one-half of the sum of all mutual potential pairs to the 
cell molecule in order to calculate the value of uo at the center of the cell, 
but adding the total change in these potential pairs when u(z,y,z) — up 
is determined. Even with this convention there remain various pos- 
sible assumptions which may be made concerning the positions of 
the molecules surrounding the cell. Surroundings like those of one 
molecule in any of various types of crystals may be used. Probably 
the simplest assumption is that the molecules surrounding the cell are 


*H. Eyring and J. Hirschfelder, J. Phys. Chem., 41, 249 (1937). 
tO. K. Rice, J. Chem. Phys., 6, 492 (1937), 7, 883 (1939), J. G. Kirkwood, 
J. Chem. Phys., 7, 908 (1939). 
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at the lattice points of a close-packed lattice, of which one point is the 
center of the cell in question. 

One may, then, proceed to a higher approximation. The probability, 
P (x,y,z) dx dy dz, that the molecule of any cell occupy a volume element 
between x and x + dz, y and y + dy, z and z + dz, away from the center 
of the cell, is proportional to e~%@)/'T dy dy dz. This is used to 
calculate the probabilities that the surrounding molecules of a cell should 
be displaced from their “ lattice points.”’ A new potential, u2(z,y,z), 
may then be calculated by multiplying the potential obtained from each 
position of the neighbors by the probability of their occupying that 
position, and integrating over all positions. ‘This method would become 
very tedious if no approximations were introduced, but appears to be 
practical if not carried out too conscientiously. 

In applying this cell method of calculation, no real distinction is made 
between a crystal and a liquid, except by the arbitrary and dubious differ- 
ence of the use of (51) for a crystal and (57) for a liquid, the difference of 
adding the communal entropy if the system 1s known to be liquid. It can 
scarcely be said that it offers a “ theory ”’ of the liquid. It does, how- 
ever, enable very approximate calculations to be made of the thermo- 
dynamic functions of a condensed phase at the temperature and pres- 
sure for which the liquid is stable. 

It is possible, of course, to assume some reasonable analytical form for 
q,, equation (50), involving arbitrary parameters, and to choose these 
parameters* in such a way as to fit the experimental properties of the 
liquid with a considerable degree of accuracy. The accuracy of the fit 
will depend on the happiness of the choice of the analytical form of q, 
and on the number of arbitrary parameters adjusted. Since many 
normal liquids can be made to coincide in properties by adjusting the 
volume and temperature scale (section 12d), one could presumably 
obtain a moderately good equation involving only two adjustable param- 
eters, a volume and an energy constant. 

The form of the cell potential u(z,y,z) is a function of the volume of 
the system, since the volume of the system determines the distance of 
the cell neighbors from the center of the cell. Lennard-Jones{ has shown 
that this form is such as to lead to an equation for the pressure resem- 
bling the van der Waals curve. The critical temperature is found to be 
given moderately satisfactorily by this method, but the critical volume 
somewhat less well. 

Guggenheim,{ who apparently first introduced the cell method of 


* J. F. Kincaid and Henry Eyring, J. Phys. Chem., 48, 37 (1939). 
+ J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc., London, A168, 53 (1937). 
t E. A. Guggenheim, Proc. Roy. Soc., London, A135, 181 (1932). 
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calculation, has applied it to the comparison between solutions and a 
pure one-component system, as has also Kirkwood.* This application 
of the method is certainly more justifiable than an attempt to compare 
the liquid with other phases of the same composition. 

One may make this general statement about the status of theories 
concerning the liquid at the present time. In section 11) it was pointed 
out that certain conditions on the clastic constants had to be fulfilled if a 
crystal were to remain rigid, that is if it were to be stable as a crystal. 
This enables us to bound the P—T' region for which any particular 
lattice structure is stable. In the equations of this chapter it is shown 
that the gas is stable only for volumes great enough that a certain sum 
converges, that is, for volumes greater than v, = 8p, equation (36). 

There exists, in general, a region of temperature and pressure for 
which neither gas nor crystal is stable. For this region one may assume 
a crystal-like distribution of some type and calculate by the cell method 
approximate values of the thermodynamic functions. One should find, 
in general, that the free energy of the assumed distribution is lower than 
that of a gas for these temperatures and pressures. A detailed investi- 
gation should also show that the elastic constants of this assumed dis- 
tribution would not have the positive values necessary to give the phase 
the rigidity of a solid. 

In so far as the calculations for the assumed distribution are accurate, 
the free energy so calculated is an upper limit, since the true distribu- 
tion must always have a lower free energy than any other. However, in 
the usual calculations the free energy of the assumed distribution is 
artificially forced to be lower than that of the crystal by the addition of 
the communal entropy. 

The calculations made in this way do not offer any evidence that the 
assumed distribution mimics, in any important respect, the actual dis- 
tribution of the liquid. Until some general consistent method is devel- 
oped by which a systematic investigation of the partition function Q for 
all distributions can be undertaken, and that distribution for which the 
integral is a maximum determined, it cannot be said that a truly ade- 
quate theory of the liquid exists. 

The method of calculation used in the preceding sections of this and 
the previous chapter makes exactly such a systematic development of 
distributions for the gas. The distribution, in this case, is defined by the 
numbers m, of clusters of 1 molecules each which are close together, in 
excess of the random distribution. By taking all possible values of m, 
all conceivable distributions are counted, and the sum of the integrals 
over all distributions is the integral of the whole configuration space. 


* J.G. Kirkwood, Chem. Rev., 19, 275 (1936). 
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The distribution for which the integral is a maximum, the equilibrium 
distribution, is then determined. 

The distribution for which the system exists in the condensed phase 
is included; it 1s that distribution for which a very large fraction of all 
the molecules are in one cluster. The integral for this distribution, 
however, is too complicated to be evaluated directly. A further sub- 
division of the terms making up this integral into more finely defined 
distributions must be made. As yet no clear-cut definition of parame- 
ters, the values of which could be used to describe the distribution in a 
liquid, has been formulated. This represents at least one of the obsta- 
cles which must be surmounted in order to obtain a true theory of the 
liquid phase. 


CHAPTER 15 
ELECTRIC AND MAGNETIC FIELDS 


(a) Introduction. (b) Rigid Dipoles in an Electric Field. (c) The Dielec- 

tric Constant. (d) Electronic Polarization. (e) Comparison with Refrac- 

tive Index and Experimental Data. (f) Non-Rigid Molecules. (g) The 

Lorentz-Lorenz Force. (h) Para- and Diamagnetism. (i) Paramagnetism 

in Quantum Mechanics. (j) Ferromagnetism. (k) Magnetic Cooling. 

(1) Thermodynamic Equations in Electric Fields. (m) The Calculation of 
F in a Field. 


16a. Introduction 

In all problems considered up to now the only variables of the system, 
besides the numbers of molecules or of atoms, were two in number, and 
could be chosen as # and V. Instead of the extensive properties # and 
V it was sometimes found convenient to express the thermodynamic 
functions of the system in terms of certain intensive variables with prop- 
erties analogous to those of forces, the temperature and pressure. 

In general, a system may be influenced by various other forces corre- 
sponding to extensive properties other than energy and volume. For 
instance, a rigid crystalline solid may be subjected to various tensions 
which result in an alteration of its shape, without necessarily involving 
a change in volume (section 11j). The amount of force applied is 
related to the displacement in these cases by one of the several elastic 
constants of the body. 

In this chapter we shall be concerned with the effect of electric and 
magnetic forces applied to the systems by means of external electric or 
magnetic fields. The calculations will at first be made in the simplest 
possible manner. In later sections the more general method of develop- 
ment by which more complicated problems might be treated will be 
indicated. 


15b. Rigid Dipoles in an Electric Field 

A system composed of independent molecules possessing rigid per- 
manent dipoles, and subjected to an electric field &, will be treated. 

The electric field, of dimensions force divided by charge, which is the 
same as charge divided by length squared, gives the magnitude and 
direction of the electric force exerted on unit charge. & is therefore a 
vector quantity, but since only relatively simple problems will be dealt 
with, in which the field direction is kept constant, and in isotropic 
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media for which the effects are independent of the direction of the field, 
the equations used will involve only the magnitude of the field, which 
will be written &. 

The force acting, per unit charge, on the charged part of a molecule 
in a dense medium is not, in general, the same as the external applied 
field & In this section we limit ourselves to a dilute gas, where the 
difference of the local field &),,. and the external field & is negligible. 
The correction for this effect will be discussed under section 15g. 

The dipole moment of a molecule is defined as a vector pointing from 
the center of negative charge to that of positive charge. The magni- 
tude, po, of the dipole moment has the dimensions charge times length. 
In atoms, which consist of a positive nucleus and a spherically sym- 
metrical distribution of electrons, the centers of the positive and nega- 
tive charges are located at the same place. The dipole moment is 
zero. This is not true of non-symmctrical molecules. The total 
amount of negative and positive charge in a neutral molecule must, of 
course, be equal, namely, ze, where z signifies the number of electrons, 
and e the magnitude of electronic charge. If the distance between the ° 
centers of positive and negative charge is called /, the magnitude of the 
dipole moment, po, is defined as the product Ize. 

The electric field tends to orient the dipoles in space. The potential 
energy of the molecule in the field does not depend on the position of 
the center of mass, but only on the angle of orientation. If @ is the 
angle between the axis of the molecule and the direction of the field, so 
chosen that when 6 = 0 the positive end of the molecule is directed 
toward the negative plate producing the field, then the potential energy 
of the molecule in the field & will be 


(15. 1) u(@) = —Ilze& cos 6 = —po& cos 0. 


The magnitude of the dipole moment pp in a real molecule will depend 
somewhat, but in most diatomic molecules, at least, not greatly, on the 
amplitude of vibration or on the quantum state of vibration. This 
effect will be neglected at present. 

In the absence of a field the probability that any axis of the molecule 
lies in a certain solid angle range dQ with respect to fixed coordinates in 
space is just proportional to the solid angle range dQ. The solid angle 
range dQ corresponding to values of @ between @ and 6 + dé is propor- 
tional to sin 6d#. The angle @ may vary between 0andz. The integral 
of sin 6 d@ from 0 to x is 2, 

f sin 6 dé = 2, 
0 
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so that, if w(@) dé is used for the probability that the angle 6 lies between 
6 and @ + dé, one may write 


(15. 2) w(0) d8 = 4sin6d0 (zero field). 


The probability w(6) d6 of the orientation will be altered in the pres- 
ence of the field by the dependence of the energy of the molecule on 
the angle 6, equation (1). In section 6e, it was found that the average 
density of molecules in the element dq of the configuration space is pro- 
portional to e~“/*? dg, where u(q) is the potential energy as a func- 
tion of the position g in the coordinate space. The probability w(@) 
that a molecule will have the orientation @ is then proportional to the 
configuration volume corresponding to that angle, equation (2), times 
the exponential, e~“®/*", In this, u(@), the part of the potential 
energy which depends on @ and @ alone, is given by (1). Since w(6) dé 
must be unity when integrated over all angles 6 from 0 to 7, the equation 
has to be normalized by division with this integral. 

One may, therefore, write, in the field &, 

u(0)/kT 
(15. 3) w(6) do = ene, 
4 sin 9 ee “O/T ig 
0 

Expression (3) gives the classical probability that the angle 6 between 
the dipole moment po and the field & lies between @ and 6 + dé, if u(@) 
is given by (1), independently of the complications of the molecular 
structure, provided only that the dipole is rigid, i.e., not stretched or 
altered in magnitude by the field. 

The integral in the denominator of (3) may be evaluated exactly, 
using (1) and cos 6 = ¢, sin@ dé = —d¢ 


re 1 1 1 kT 
f ebofcos6/kT — sin 6d9 = a8 oboe /kT dt efoto een | ener _ aoa 
0 2 2 =, | 2 Po& 


Expanding e* = 1+ 2-+ 327+ .---, the result may be written 


rod. kT =) 
u(0)/kT — pee 
(15. 4) J € 5 sin 6 do = aw sinh (3 


=1+4= =(B) +. 


The average projection of the dipole moment along the field (posi- 
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tive end of the dipole toward the negative of the plates producing the 
field) will be 


(15. 5) p= f Po cos 6 w(8) dé. 
0 
One must integrate, using again cos @ = ¢, 


1 
Po f cePos/kT Ye Po kT ewer ae eure 
7S ee 2 pos 


Po 


__ Po (=) | ePoo/kT _ omar | 
2 Po& 
m~ Po =| (Be) 7 a 
~ ate 1t toler) t 
Dividing this by (4), one finds 
_ ePE/KT 4 g—Bo6/kT kT DoS kT 
(15. 6) B= Po saver paver ~ Poo = Po | eoth (2°) - = | 


np) Peel ~ 4 (Be) um |: 
3 kT 15 \kT 

The function of equation (6), coth z — 2~!, called the Langevin func- 
tion, L(x), is plotted in Fig 15. 3, page 347, curve for j = ©. It in- 
creases monotonously with x from zero at x = 0, to unity as z approaches 
infinity. From the expansion it is seen that L(x) = 2/3, if +¢<1. 
For increasing argument the slope of L(x) decreases, approaching zero 
as x = 0, L(x) = 1. It is seen that p behaves qualitatively as one 
would expect. For small fields p is proportional to the field &; as 
XL = po&/kT increases, the ratio of p/& decreases, until, for large 
values of z, that is, high fields or very low temperatures, p becomes 
independent of &, p = po. The system has then reached saturation; 
p has reached its maxtmum value, and all the dipoles are oriented in 
the direction of the field. 

For all practical cases with electrical fields the approximate result 


(15. 6’) p=--—6& 


is of sufficient aceuracy, since the quantity po&/kT is very small com- 
pared to unity. The exact equation (6) will be referred to later in 
dealing with magnetic effects. 
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15c. The Dielectric Constant 

In the previous section it has been found that the application of an 
electric field of magnitude & to a dilute gas composed of molecules hav- 
ing a permanent rigid dipole moment po results in a net average orienta- 
tion of the dipoles in the direction of the field. The average projection 
p of the dipole moment on the field is given by equation (6’). 

The product of the average oriented dipole moment p per molecule, 
by the total number of molecules, is a quantity of the dimensions of 
charge times distance. The “ polarization ”’ P of the gas is the value of 
this quantity divided by the volume, the total (oriented) net dipole 
moment, in the direction of the field, per unit volume, 

N 
(15. 7) => p. 

The dielectric constant € of the gas may be defined in various ways. 

One of the definitions is 


e—1 P 
15. Se 
ere) 4a & 
Using (6’) in (7) and (7) in (8) one finds 
P 4rN pe 
9 a en gg 
(15. 9) e—] T - 3 VEE 


Qualitatively the result of equation (9) is easily interpreted. A 
medium of high dielectric placed between the plates of a condenser 
increases the capacity. The increase in capacity is caused by an induced 
polarization in the material, bringing the negatively charged ends of 
the molecules toward the positive plate, which partially neutralizes the 
field, requiring a greatcr applied charge to produce the same voltage 
difference between the plates. The amount of net orientation of the 
molecules is proportional to their dipole moments, po, and to the field &, 
and inversely proportional to the temperature which tends to keep their 
orientation random. The amount of polarization produced is propor- 
tional to the density and to the product of the dipole moment by the 
degree of orientation, therefore to the square of the moment po. 


15d. Electronic Polarization 

Monatomic molecules and symmetric di- or polyatomic molecules, 
like He, Ne, He, Ne, CH4, and CCl4, possess no permanent dipole 
moment po. Their gases do, however, have dielectric constants € dif- 
fering from unity, although usually smaller than those of gases com-' 
posed of non-symmetrical molecules like HCl, CHCl, and CO. 
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The value of € — 1 in gases of symmetrical molecules is due to the 
fact that the electric field induces a dipole moment in the molecule. 
This may be regarded as being caused by the equal and opposite forces 
of the field acting on the negatively and positively charged parts of the 
molecule, tending to separate their centers which are coincident in the 
absence of the field. 

This effect is primarily electronic, namely, due to the displacement 
of the electron clouds around the nuclei in the electric field. 

The displacement, and therefore the polarization, are proportional 
to the field. The proportionality constant a is called the polarizability 
of the molecule 


(15. 10) D; = a&, 


where p; is the induced dipole moment along the field. In molecules 
with permanent dipoles, this effect is superimposed upon that of orienta- 
tion discussed in section 15b. 

Actually @ is not a simple number. If the molecule is not spherically 
symmetrical the value of a will depend on the direction of the field with 
respect to the various axes of the molecule. In addition, if the field is 
not acting parallel to a symmetry axis of the molecule, it may produce 
perpendicular components of polarization. These components at 
right angles to the field always average to zero in a gas, although they 
are of importance in a non-isotropic crystal. 

The observed average induced dipole moment in the gas will always 
be in the direction of the electric field, and will be given by equation (10), 
where a is the value of the polarization, averaged over all orientations 
of the molecule with respect to the field. 

If the molecule possesses a permanent dipole moment certain orien- 
tations are preferred if a field is applied. This has some, but little, 
influence on the interpretation of a as the average over all orientations. 

The general equation for the total average projection of the dipole 
moment along the direction of the field will then be, instead of (6’), 


2 
(15, 11) p= (« ie: Ee &, 


where a is always positive and non zero, but po is zero for symmetrical 
molecules. 
Using (11) in (7) and (8), one obtains, instead of (9), 


Pp N 4 
15. 12 — = —_—_—= — oa eee e 
(15 ) e—l1 4x tet lats 


This equation is known as the Debye equation for the dielectric 
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constant. It is found to give the temperature dependence of € excel- 
lently for most simple gases. Experimentally, € — 1 1s proportional to 
the density at low densities. In section 15g this equation will be 
further improved as regards its density dependence. 


16e. Comparison with Refractive Index and Experimental Data 

The dielectric constant € depends on the frequency » of the field used, 
if alternating fields are applicd. Equation (12) was derived only for 
static or low-frequency ficlds. Connected with ¢€ is the index of refrac- 
tion n(v) of light of frequency ». 

The index of refraction n(v) is determined by the refraction of a beam 
of light crossing from vacuum through a sharp boundary into the medium 
in question. It is defined as the ratio of the sines of the angles of the 
incident and refracted beams. 

. Neglecting the truly insignificant difference between the magnetic 
permeability and unity, one may identify the dielectric constant € with 
the squarc of the index of refraction for the same frequency 


(15. 13) e(v) = [n(y)]?. 


At the frequency of visible light the term in (12) due to the orienta- 
tion of the permanent dipole moment, p3/k7, contributes nothing to the 
index of refraction. This may be made plausible by the observation 
that the frequency (10'*) of visible light is far higher than the fre- 
quency (10!°) of rotation of most molecules. The molecules have not 
time to orient themselves before the direction of the electric ficld due to 
the light has changed sign. They cannot follow a field of high frequency. 

The polarizability a in (12) may then be obtained by either of two 
methods. It is the intercept on the ordinate 1/7 = 0, T = ©, of a 
plot of V(¢ — 1)/4xN against the reciprocal temperature. It may also 
be determined by an extrapolation to v = 0 of the index of refraction 
from the values for various frequencies in the visible region. 

One of the standard examples for the interpretation of the experi- 
mental data, and of the information which is to be obtained from them, 
is the series of compounds, CH4, CH3Cl, CH2Cle, CHCls, and CCl,. 
Fig. 15. 1 shows Sanger’s* observations of the dielectric constants of 
these gases as functions of temperature at constant density. 

It is seen that the curves for CH, and CCl, are both horizontal, 
showing zero permanent dipole moments. The molecules must, conse- 
quently, be symmetrical, and either a tetrahedral or plane square 
arrangement of the Cl and H atoms about the carbon is demanded. 
The polarizability of CCl, is seen to be about three times that of CH,, 


*R. Sanger, Physik. Z., 27, 556 (1926). 
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owing to the far greater polarizability of the chlorine atoms than those 
of the carbon and hydrogen. The value of € — 1 = 0.00096 for CH, 
found here is fairly close to the value 0.00086 found for n? ~— 1 by 
extrapolation from the meas- 
ured index of refraction in 
the visible region. The dis- 
crepancy is presumably due 
to the contributions of the 
infra-red vibration bands to 
the index of refraction n(0) 
which is not obtained by 
extrapolating measurements 
made with visible lhght. 


10 


0.002 — _ — 0.0035 This addition to n2 at v = 0 
iq. 15. 1. é : ; 

Dielectric Constants* at one Atmosphere of eee the ee vibrational 

CH,, CHCl, CH.Cl,, CHCls, CCl. ands is usually much smaller 


in diatomic molecules than in 
*From the data of R. Sanger, Phystk Z., 27, 556 " 
(1926); the figure is from Van Vleck, “The Theory of those of methane. It is the 
Electric and Magnetic Susceptibilities,” Oxford Uni- part of the polarizability a 
versity Press. . 
due to the displacement of 
the atomic nuclei by the field, and is discussed in the next section. 
The appreciable slope of the lines for the other chlorides in Fig. 15. 1 
indicates that they have permanent dipole moments. The values of 
Pp calculated from the slopes are 


1.86 < 10718 e.s.u. for CHCIs, 
1.59 & 10718 e.s.u. for CHeCle, 


and 
0.95 X 107) e.s.u. for CHCl . 


The dipole moment of a molecule containing several rigidly connected 
dipoles is the vector sum of their several moments. By making the 
unwarranted assumption that the dipoles along the C—H bonds are 
zero, the value of po for CH3Cl gives directly the moment of the C—Cl 
bond. By assuming this dipole moment for the bond to be constant, 
one may use the laws of vector addition to obtain the angle between 
the C—Cl bonds in CHeCle and CHCls. 

For CHeCle the angle @ between the two C—Cl bonds is found by 
setting 4 X 1.59/1.86 = cos $¢, which leads to ¢ = 128°. For CHCl; 
the angle y between the CH bond and any one of the C—Cl bonds 
(assuming a distorted tetrahedral model so that all three angles are 
equal) is obtained by 4 x 0.95/1.86 = sin (y— 90°), y = 96°. Con- 
siderable refinements are required before such calculations of angles 
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are to be taken too seriously. However, the measurement of dipole 
moments readily permits one to ascertain whether a molecule is sym- 
metrical, and almost always distinguishes clearly between cis and trans 
isomers. 

The numerical values of the dipole moments themselves are not with- 
out interest. Using the value of the elementary charge e = 4.8 X 107?° 
€.8.u., one sces that the dipole moment, 1.86 & 107!* e.s.u. of CH3Cl, 
corresponds to a positive and negative elementary charge separated by 
1.86/4.8 = 04A. This isa comparatively large dipole moment. That 
of HCl is only 1.03 X 107"* e.s.u., and that of HI only 0.38 x 107" e.s.u. 

Yor HI, for example, band spectral data show the separation of the 
hydrogen and iodine nuclei to be 1.41A. The separation of two ele- 
mentary charges corresponding to the dipole moment is only 0.08A. 


15f. Non-Rigid Molecules 

In section 15d it was stated that the polarizability a was primarily 
an electronic effect. This statement is not always strictly true. The 
qualitative distinction between electronic and atomic polarization may 
be described as follows. 

An increase in the distance between the two atoms of a symmetrical 
diatomic molecule, such as Hg or Ng, will not in general produce a dipole 
moment. ‘The induced polarization caused by the electric field may be 
described as being due to the displacement of the negative electrons 
with respect to the nuclei. However, a change in the distance of sepa- 
ration of the two nuclei in a molecule like HBr will, in general, result in 
a change of dipole moment.* 

Inversely, the force of the field will tend to change the distance 
between the atomic centers, and the induced polarization in the field 
will be partly due to a change in the internal vibrational coordinates 
of the molecule. 

A related, but at first thought apparently different, effect will arise 
from the change of the dipole moment with temperature due to increased 
vibration. 

These two effects will be investigated here. Strictly, in dealing with 
displacements of the vibrational coordinates, a quantum-mechanical 
treatment should be used. The qualitative aspects, however, are given 
sufficiently well by classical considerations, which will be employed. 

Let the symbol g stand for a value of the set of the 3n — 5 or 3n — 6 
(linear or non-linear molecules) vibrational coordinates (Chapter 8) 

* It is to be observed that an increase in the distance between nuclear centers by 


no means necessarily increases the dipole moment. The reverse may conceivably 
take place. 
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and dq for a volume element in the configurational space of these coor- 
dinates. 

The potential energy of the molecule may be written u(q). For 
normal coordinates and sufficiently small displacements, ¢ = 41, d2°°- 4i, 
u(q) = Lan and dg = Adq, dq2- - - dq;. 


The dipole of the molecule will be a vector whose direction and length 
depend on gq. Let the length be given by p(q). The angle between 
the dipole for any q and the direction of the field will be written 9. The 
average dipole moment projection along the field may be written at 
once as 


J J B(a) ec cos O sin 6 eK —PW@Eeo8Al/ET dq lg 
(15. 14) pe eae Sate Bieta hi 


S Sos 1 sin 6 ee —p(g)ecos8]/AT dq de 


No numerical integration can be made until the form for the poten- 
tial u(g) and the dipole moment p(q) is known. However, in the 
absence of a field the average square of the dipole moment p?(7’) which 
is a function of temperature is 


fio@pe*o" ag 
(15. 15) Tp a ert ea 


f e MONT go 


The integral in the denominator of (14) is the same as that in the 
denominator of (15) to within terms of order 7%. This may be seen 
by developing e!P(9)&o#l/kT a5 1 + [p(qg) & cos O)/kT +--+. The inte- 


gral f + sin 6d@ = 1,so the integral of the unity in the development 
0 


is the same as the denominator of (15). Since f 5 cos 6 sin 6 dé = 0, 
0 


the second term of the development contributes nothing. 
The integral in the numerator of (14) is &/3kT times that in the 
numerator of (15). This is found by again developing 


eP(a)ecoss/kT — 1 + »(q)& cos 0/kT. 


The integral of the first term vanishes because f cos @ sin 6 dé = 0. 
0 


The integral of the second term, over 8, is f 4 cos? @sin6d@ = 3. The 
0 
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integral over g is then that of the numerator of (15) times &/3kT. 
One finds, therefore, that the average projection p of the dipole 
moment along the field is 


1 p*(T) 
3 kT 


(15. 16) D = g> 


where p*(7') is the average square of the dipole moment, averaged over 
all internal configurations. 

The two effects mentioned at the beginning of the section — the 
change of dipole moment with temperature, and the increase in dipole 
moment due to the force of the field — are seen to be both taken into 
account by using the average square (not the square of the average) 
dipole moment in equation (12). In this case the remaining term, 
the polarizability a, is to be interpreted as the purely electronic polariz- 
ability. 

However, for normal molecules it will be shown that the average 
square dipole moment as a function of temperature is given by 


(15. 17) p°(T) = po + 3kTam, 


where ps, the temperature-independent term, is the dipole moment 
squared at the position of minimum potential energy. 

As in section 8c it will be assumed that u(g), the potential energy as 
a function of g, may be developed, with sufficient accuracy, as a sum of 
squares of the normal coordinates, 


(15. 18) u(q) = Lan’. 


The magnitude of the dipole moment, p(q), will vary linearly with 
q, (at least for small displacements), so that 


(15. 19) p?(q) = (po + Xba)? 
= pot 2Podubrga + Ze Lebnb Gnd 


Using (19) and (18) in (15), the first term in (19) leads to exactly 
pe after integration. The second term in (19), linear in g,, leads to a 
zero integral in (15), as do also the cross products with \ #« in the 
third term. The remaining parts of (19) lead to a term in (15) pro- 
portional to temperature. This is seen by using the variables 
6 = (a,/2kT)1/2g,. The integral of the denominator of (15) is 
IN (2xkT/a,)*! 2 and that of the numerator of this part 
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I (2ekT/a,)*"? x 2 (3kT ey) where 


b? 
(15. 20) ¢ =— 
3a) 
By writing 
(15. 21) Om = Len 
X 


equation (17) is obtained. 

It is seen that as long as the temperature is low enough to use the 
approximate quadratic terms in the normal coordinates for the poten- 
tial energy one finds, using the classical equations, that the average 
square of the dipole moment is that of the square of the dipole moment 
at the lowest potential configuration plus a term linear in 7’. Using 
(17) in (16) one obtains again the form (11) for p or (12) for the dielec- 
tric constant. 

In a molecule such as CH2Cl— CHCl there exists a normal coordinate 
which measures the angle of the equal and opposite rotation of the 
two CH.2Cl groups around the C—C bond. The potential energy up 
to about kT at room temperature will not be given well by a purely 
quadratic term in this displacement. The vibration of this coordinate 
will deviate considerably from harmonic behavior. Only in cases such 
as this will one expect a more complicated dependence of € on T in gases 
than that given by (12). 

However, the term a, in (21) is in one respect experimentally dis- 
tinguishable from the atomic polarization term. The term a,» is due to 
the displacements of the heavy nuclei by the electric field, and these 
will not “ follow ” an alternating field of much higher frequency than 
the natural vibrational frequencies of the molecule. The extrapolation 
to zero frequency of index of refraction measurements made with 
visible light, which are unaffected by the term am, will consequently 
lead to values for the electronic polarization and will not include the 
part a, in the temperature-independent part of (12).* This has already 
been mentioned, in the last section in the discussion of methane. 


15g. The Lorentz-Lorenz Force 

The electric field & within a gas or any other material having a dielec- 
tric constant € not unity is different from the value of the field outside 
of the material. In a vacuum between two condenser plates the elec- 


* The term am is connected with the intensity of the infra-red vibrational bands of 
the molecule. The reader interested in the relations between the various proper- 
ties of the molecules and the theory of molecular structure is referred to the book of 
J. H. Van Vleck, The Theory of Electric and Magnetic Susceptibilities, Oxford, at the 
Clarendon Press, 1932. 
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tric displacement D and the electric field & are identical. If the charge 
on the condenser plates is kept constant the displacement D is unchanged 
by the introduction of the material between the plates, provided that 
the plates are large compared to the distance between them. The field 
&, however, is reduced within the (isotropic) material to the value 
& = D/e. 

This reduction in the field & is due to the polarization of the material, 
the induced charge brought to the surface of the material tending to 
cancel the effect of the charges on the condenser plates. ‘The average 
electric force on an infinitesimal charge ée, averaged over all positions 
in the material, would be given by 6e&. 

However, the electric force acting on the charged parts of a single 
molecule is different from &. This is due to the fact that the average 
field of the molecule itself must be subtracted in making such a calcu- 
lation. 

The local field &,,. acting on one molecule is therefore not & but 
differs from it by a term which may be calculated* from the average 
polarization density P in the material. This additional force is known 
as the Lorentz-Lorenz force. Its magnitude depends on the distribution 
in space of the molecules. 

If the molecules are randomly distributed, the local field acting on 
a molecule, &,.., is given by the Clausius-Mossotti formula, 


4 
(15. 22) ee ee = P, 


which will not be derived here.f 
By using (22) for &o.. instead of & in equation (11), and this in (7) 
and (8), one finds 


-Fletgerllet se? 
p=Tla+5 Bok uel 


ee V BAT) i, 
© gue sey : 
3 VL° | 3k 
e—-1 4rN a] 
toe 24) e+2 38 yl ats 


* See, for instance, the discussion in the first chapter of The Theory of Electric and 
Magnetic Susceptibilities, J. H. Van Vleck, Oxford, at the Clarendon Press, 1932, 

+ The derivation is given in H. A. Lorentz, The Theory of Electrons, section 117 
and note 54. 
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The quantity (V/N)(e — 1)/(e + 2) is found to be independent of 
density up to very high pressures in gases. For instance, Magri* finds, 
in measurements on air, that it remains constant within the experimental 
error of about 0.4 per cent up to 180 times normal density, whereas 
(V/N)(e -—- 1) increases by 4 per cent in this range. 

In fact, for non-polar molecules, po = 0, the quantity (V/N)(e — 1)/ 
(e + 2) is constant to within about 10 per cent in going from the vapor 
to the liquid phase. This is an extremely severe test, since the method 
of derivation is scarcely applicable to liquids. 


15h. Para- and Diamagnetism 

The equations for para- and diamagnetic materials in magnetic fields 
are analogous to those for molecules with and without permanent dipole 
in electric fields. 

Assume every molecule in the gas to have the same permanent mag- 
netic moment yo. In the magnetic field 3 the potential energy 1s 


(15, 24) u(0) = —po3 cos 6, 


analogously to (1), where 6 is the angle between the magnetic moment 
and the direction of the field. The subsequent calculations of section 15b 
are exactly valid, and one finds, for the average component of the mag- 
netic moment z in the direction of the field, 


es ModC =| 1 2 

15. 25 = th | —— ) -—--—— |2-—X&. 
pee bo| ec (a) wos] 3 kT 

The magnetic polarization (per unit volume) M is 

N 
(15. 26) M = Y H, 
and magnetic susceptibility x may be defined as 
M_ 1N 4 

1 ‘ 2 = N- — —) 

een x93 VET 


in analogy with (9). This equation holds for paramagnetic substances. 
The fact that the paramagnetic susceptibility is inversely proportional 
to temperature is called Curie’s law. 

Just as in section 15d we discussed the fact that the electric field 
induces a dipole in molecules, so molecules possessing no permanent 
magnetic moment acquire an induced moment in the presence of a 
magnetic field. However, this induced magnetic moment is always in 
the opposite direction to the field, that is, it opposes the field. 


*L. Magri, Physik. Z., 6, 629 (1905). 
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The equation obtained is then analogous to (12) except that the 
temperature-independent term occurs with the negative sign in the 
magnetic case. 

That the impressed magnetic moment opposes the field is a conse- 
quence of electrodynamics. The current induced in a closed electric 
circuit by the imposition of a magnetic field is such as to create a moment 
opposite to the field. 

There is one other distinct difference between the influence of electric 
and magnetic fields. In equation (12) the two terms, a and po/3kT, 
are both of the same order of magnitude. The paramagnetic suscep- 
tibility (orientation effect) given by (27), if it is present at all, that is, 
if zo is not zero, is some hundred- to several thousandfold larger than 
the effect of the induced magnetic moment, called the diamagnetic 
susceptibility. As a result one usually neglects the diamagnetic effect 
in dealing with paramagnetic substances, and uses equation (27) with- 
out the negligible diamagnetic term. 

It is not the province of this book to treat the relation between the 
diamagnetic constant and the structure of the molecule. However, it 
may be mentioned that for free atoms the diamagnetic susceptibility 
is related to the average square of the distance of the electrons from 
the nucleus, which we shall write r2. 

The equation 


N@ oO 
15, 28 =—-—= : 
( ' V 6mc? dr 
gives the diamagnetic susceptibility, x, in which e and m are respec- 
tively the charge and mass of the electron and c the velocity of light. 


The sum “7 is that over all electrons 7 of their average squared dis- 


tances, r;, from the nucleus. 

The method employed in this section is a hybrid of classical and 
quantum mechanics. The assumption has been made that every mole- 
cule (of the same kind) in the gas has the same magnetic moment po. 
Actually, if an attempt were made to explain the magnetic moment by 
the motion of electrons under the influence of the electric field of the 
nuclei, the application of classical statistics leads to a variety of mag- 
netic moments each weighted with a certain probability dependent on 
T. Van Leeuwin* has shown that a purely classical system of electric 
point charges should exhibit zero magnetic susceptibility. The reason, 
however, is intimately connected with the complete inability of classical 


* J. H. van Leeuwin, Dissertation, Leiden, 1919, or J. de physique (6), 2, 361, 1921. 
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mechanics to account for the properties of atoms if they are each com- 
posed of one point mass nucleus and of electrons. 

Whereas in the electric example only the approximation to equation 
(25) is experimentally significant, magnetic susceptibilities in cases to 
which these equations apply can be measured at extremely low temper- 
atures, and the complete equation (25) can be checked experimentally 
(section 15i). Although the approximation for low values of Hyo/kT 
is the same for classical and quantum-mechanical systems, the complete 
equation differs slightly for the two methods of calculation. 

We shall consequently, in the next section, make a somewhat more 
logical development, taking cognizance of the quantum-mechanical 
nature of the phenomenon. 


165i. Paramagnetism in Quantum Mechanics 

A complete discussion of magnetic phenomena involves comparatively 
complicated considerations of the applications of quantum mechanics 
to atomic and molecular structure, which are not treated in this book. 
Even after making the limitation to independent atoms and ions, there 
remain a considerable number of different cases which must be con- 
sidered separately. 

For instance, the behavior of the atoms will depend on whether only 
one electronic level is excited at the temperature considered, or whether 
the ‘‘ multiplet separation ” of the energy levels is small compared to 
kT. The effect of weak and of strong fields must also be distinguished. 
For a complete description of the phenomena encountered the reader 
is again referred to Van Vleck’s Theory of Electric and Magnetic Sus- 
ceptibilities. 

The discussion in this section will be limited to the example that the 
energy of separation of the lowest and first excited electronic levels in 
the atom or ion is large compared to both the energy of interaction with 
the magnetic field and to kT. Furthermore, diamagnetic effects will be 
neglected. In addition it will be assumed that all the ions or atoms 
considered are monatomic, and that the directions of their magnetic 
moments are independent of one another. 

This last condition does not, however, limit the applicability of the 
equations derived to gases. The reason for this is that the electrostatic 
and exchange repulsion forces which operate between most ions and 
their environment in water solution or in ionic crystals do not, as a rule, 
concern primarily the electronic spin responsible for paramagnetism. 
The orientation of the magnetic moment in the ion does not affect its 
interaction with neighboring particles. The effect of the magnetic 
field on the ions may therefore be treated as if the ions were completely 
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independent of their surroundings, that is, as if they composed a mona- 
tomic perfect gas. 

The equations derived by this method are found to apply excellently 
to relatively concentrated water solutions of paramagnetic ions. They 
also fit well the observations made on many crystals, provided only that 
the distance between the magnetically active ions is not too small. 
This is realized in practice by using crystals containing considerable 
water of hydration. 

Ions having the completed octet electronic structure, a lowest 'So 
state, are diamagnetic. Paramagnetism is observed only in ions of the 
transition elements and the rare earths. ‘These ions have lowest elec- 
tronic levels possessing an angular momentum (j ¥ 0). 

Since exactly these ions have also several low electronic levels, the 
limitation to cases in which the lowest excited level has a high energy 
compared to kT is not an unimportant restriction. 


The magnetic moments of isolated atoms or ions are dependent on their 
angular momenta. The connection between these two quantities is not utterly 
simple but may be calculated correctly with the help of the so-called vector 
model treated below. 

The angular momentum of the ion in a given electronic level is due to the 
rotation of the electrons. This rotation has two different components. One 
of these is called the orbital angular momentum and is due to the motion of the 
center of mass of the electrons about the nucleus. The second one is due to 
the spin of the electrons about their own axes. 

The amount of orbital angular momentum of the atom is determined by a 
quantum number / in such a way that the square of the orbital angular momen- 
tum is (h/27r)?l1 (1+ 1). The angular momentum squared due to spin is 
(h/27)*s(s + 1), where s is the total spin quantum number (Russel Saunders 
coupling, see section 61). The total angular momentum squared is 


oe 
(*.) jg + 1), 


where j is the quantum number of total angular momentum. The projection of 
the total angular momentum on a fixed axis in space may take values mh/2z, 
where j > m = —j, so that m takes 2j + 1 values. 

The magnetic moment y, is likewise determined by the rotation of the electrons. 

The symbol 6 will be introduced for the Bohr magneton, 8B = he/4mmc, where 
e and m are the charge and mass of the electron and c the velocity of light. 
The contribution to the magnetic moment due to orbital angular momentum is 
just V1 (1+ 1)8, but the moment is directed along the axis of the orbital angu- 
lar momentum. 


The contribution to the magnetic moment due to spin is 2Vs(s + 1), along 
the spin axis. The difference in the case of orbit and spin may be crudely and 
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very naively described as being due to the fact that in the orbits the mass and 
charge of the electron move together; in spin the charge, located on the surface 
of the electron, rotates with a greater average radius than the mass, which is 
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Vector derivation of Landé g-factor. 


distributed throughout the particle. 

The square of the magnetic moment 
of the atom or ion may be calculated 
as follows: 

We consider the two orbital and 
spin vectors of magnitude V1(1 + 1) 
and Vs(s + 1) adding vectorially to 
make the total angular momentum 
Vj(j+ 1), Fig. 15. 2. The orbital 


magnetic moment, Vil + 1)8, and 


‘the spin moment, ov’ s(s + 1)8, are 


vectors of the same direction as the 
respective angular momenta but 
different relative lengths. The two 
vectors, orbital and spin, precess 
rapidly about the total angular 
momentum vector. The magnetic 
moment square is found by squaring 
the projection uy of the vector sum 
of Vil + 1)8 and 2Vs(s + 1)6 on 


the total angular momentum vector. 


The problem is one of simple trigonometry. The cosine of the angle ¢ in 


the figure is given by 
cos ¢ = 


ia Vs(s+ I a 


a etre 


Vij + 


(15. 29) g= 


1+ 


s(is+1)+jj+1)—10+1) 
2Vj(j + 1) Vs(s + 1) 


From the figure it is seen that if u, = VJ j(j + 1)g8 the factor g is 


COs ¢, 


s(s + <n Deby). 
2j(j + 1) 


The square of the magnetic moment, uz, of an atom or ion in an 
electronic level with given quantum number j of angular momentum, is 


(15. 30) 


eh 
4amc 


(15. 31) B= 


ve = 5(j + 1)9°6", 
where 8 signifies the Bohr magneton, 


= 0.9273 * 10° e.m.u. 
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The Landé g-factor in (30) is given by (29) in terms of the quantum 
numbers j, 7, and s for Russel Saunders coupling. 

The level, of given j, is degenerate and consists of 2j + 1 states, dif- 
fering in the value of m, the quantum number determining the pro- 
jection of the angular momentum on the direction of the field. The 
projection y, of the magnetic inoment along the axis of the field is 


(15. 32) Hm=mgs, (J >m2> —}J) 
for the state m, and the energy due to the magnetic field has the form 
(15. 33) én = —MmIC = —mgBI. 

The probability that an ion is in the state m is proportional to e~™!*7, 


so that the average projection # of the magnetic moment along the 
field, for all ions, is 


> mye +mgBK/kT 
m= —j 


m= +j 
>» e tmoBI/kT 


m=—j 


(15. 34) 


Bl 


The first approximation of (34) for low values of g83C/kT is exactly 
the classical result (25), with (30) for »2. This may be seen as follows. 

The exponential functions in numerator and denominator of (84) are 
expanded in the usual manner as e” = 1 + y + ---, and all but the first 
non-zero term after summation is neglected in both numerator and 
denominator. The first term in the denominator is obtained by using 
unity for the exponential and is just the number of terms, 2) + 1. The 
term arising from the unity of the expansion in the numerator is zero, 
since }’m extended over both positive and negative m values from 
—jto +j, is zero. The next term does not vanish and is linear in T7*. 
Since 


PRM op GR G+ VIG + D 
MT aaj kT 3 


one obtains 


292 
(15. 35) 5-1 PPG +1), 1m 


with (30). 
Equation (34) may be brought into an explicit form without recourse 
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to the series development of the exponential. By writing &*"? = x 
it is seen that 


m=+j 
> m”™ 
/ _—- _ m= —j 
(15. 34’) i = 96 = 
pa 
m= —j 
d m= +j 
= 2-(In x =). 
One uses the relations 
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If now the Brillouin function B;(y) is defined as 


; ay ; i 1 
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it is seen that (34) becomes 


(15. 37) i = jg6B, ( j , 


The imposing function (36) is plotted in Fig. 15. 3 for several j values. 
It has properties similar to those of the classical L(x) = cothz — x! 
equation (6). For y <1 the function may be developed, and one finds 


pen ger 
Bw) =siG+05, v<l, 


which, upon substitution of y = jg83C/kT in (37), leads to equation (35). 
For y > 1, e’ > e-”, both hyperbolic cotangents become unity and 


B(iy2@1, y>l, 
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so that, upon substitution in (37), one finds 
(15. 38) H=jgB> =——>1. 


The saturation effect is reached when all the ions are pressed, by 
the field, into the state m = j, where the projections of the magnetic 
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Fig. 15. 3%. 
Plot of u/Mo =+/j/j + 1 Bj(y) against Hyo/kT =<V/(j + 1)/j y for various values of j. 


* This figure is from Van Vleck, ''The Theory of Electric and Magnetic Susceptibilities,"” Oxford 
University Press. 


moments on the direction of the field have their maximum values, 
Um = jg8. This saturation moment, however, is not the square root 
of (30). The value of the square of the magnetic moment obtained by 
measurements with weak fields, using (35), leads to the j(j + 1) equation 
(30), whereas the saturated magnetic moment obtained with a strong 
field is only jg@. 

For large j values the difference between j(j + 1) and j? is negligible. 
The Brillouin function has the property that 


1 
fin, | it) |= oth — 5 = SE 5, 
The classical equation (25) is obtained if j becomes large, in which 
event the magnetic moment up is given by jg@. 
Actually, at high temperatures, that is at about room temperature, 
saturation or even very appreciable deviations from the approximate 
equation (35) are not observable in the laboratory, except with ferro- 
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magnetic substances, discussed in the next section. The same is true 
of electrical polarization produced by electric fields. 

However, whereas the equations derived in this chapter for the elec- 
trical polarization are strictly applicable to gases only, and, less rigor- 
ously, to dilute liquid solutions, those for magnetic fields are applicable 
to certain crystals. The equations derived in this section may therefore 
be used in comparison with experiments performed at extremely low 
temperatures. Since the behavior of the material depends on 3C/kT, 
a lowering of the temperature corresponds to an increase in the magnetic 
field. 

Approximate saturation has been obtained on hydrated gadolinium 
sulphate, Gde(SO4)3 - 8H20, at 1.3°K., in Leiden.* The gadolinium 
ion, Gd***, the lowest level of which is °S7/2, is the magnetically active 
ion. Since the angular momentum of this ion is entirely due to spin 
(S state, 1 = 0), the g factor is 2. The results agree perfectly with the 
prediction using j = 7/2, g = 2, y = 7B83C/kT in (37). In Fig. 15. 3 
the crosses indicate the experimental values on this salt. 


15j. Ferromagnetism 

In section 15g it was found that the electric force acting on a molecule 
in the matcrial treated was not given simply by the electric field, but 
by the macroscopic field € plus a term proportional to the polarization 
density P. The proportionality constant was 47/3 in the Clausius- 
Mossotti equation (22). 

If it is assumed that the forces acting on one ion contain a term due 
to the magnetic polarization M, so that (24) or (33) has the form 


(15. 39) wu(@) = —pyo(3C + aM) cos6, or 4 = —Um(K + aM), 


one obtains equations predicting properties similar to those of ferro- 
magnetic substances by using a sufficiently large value of a. Without 
discussing the possible origin of the strong interaction term aM between 
the magnetic moments in (39) one may investigate the effect which it 
has upon the macroscopic behavior of the substance. 

Since the classical equation (25) and the quantum-mechanical one 
(37) have the same qualitative features, it will be somewhat simpler, 
and not essentially different, to treat the classical case. The substi- 
tution of 3¢ + aM for 3C in (25), and multiplication of «7 by N/V to 
obtain M, (26), leads to 


feoth E (30 + <M) | a ae 


N 
15. 40 M = o> — ——— | ° 


V 
*H. R. Woltjer, Leiden Communications 167 b. 
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Equation (40) determines the magnetic polarization M (per unit 
volume) in terms of the applicd magnetic field, 3C, at any temperature. 
The task of analytically solving (40) for M is not an easy one. The 
solution may, however, be undertaken readily by a graphical method. 

The term in brackets on the right-hand side of (40) plotted as a func- 
tion of 


is the Langevin function L(x) of section 15b, a monotonously increasing 
function, starting from zero z at = 0 with a slope of $, and approach- 
ing unity asymptotically as x goes to infinity. The quantity MV/yoN, 
which, according to (40), should be equal to the bracket, plotted as a 
function of the same argument 7, is a straight line, namely, 


(15. 41) Se ee 
uo N aus N* apo N 


The slope of this linc is independent of the magnetic field. With 
increasing field 3¢ the line moves parallel to itself downward. 

For given values of 3¢ and T the magnetic polarization M is deter- 
mined by the equality of the right- and left-hand sides of (40), or, in 
the plot, by the intersection of the straight line (41) with the curve 
coth « — 1/x (see Fig. 15. 3, curve for j = ©). ‘The ordinate of the 
intersection point determines MV/yoN. It is seen that, with increasing 
field but constant temperature, both the abscissa and ordinate of the 
intersection point increase monotonously. 

The temperature T determines the slope of (41) but not the intersec- 
tion with the axis x = 0. For constant 3C an increase in 7’ increases 
the slope and thereby decreases the ordinate of the intersection point. 

For zero magnetic field the straight line (41) goes through the origin 
x = 0, M = 0, and intersects there the curve L(x). It is then apparent 
that for 3C = 0 two different cases may occur, dependent on the inclina- 
tion of (41). Ifthe line (41) is steeper than the slope of the curve at the 
origin, that is, 

kT 


2 


N 
T> y’ 


ae 1 1 ape 
weN7 3° 3 k 
this is the only intersection point. If this holds, as 3¢ goes to zero, the 
magnetic polarization M vanishes and for small enough values of the field 
M is proportional to 3C. Qualitatively the substance behaves like a 


paramagnetic one. 
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In the other case, if the slope of the line is smaller than 3, 


there exists a second intersection point for 3¢ = 0 with a non-vanishing 
value of M. If the magnetic field is gradually reduced to zero, M 
approaches this finite value. The substance has then a remanent 
magnetic moment. 

The temperature 7, above which this remanent polarization 
disappears, 


(15. 42) (a a 


is called the Curie temperature. 
For T > T,, equation (40) may be developed as a power series in its 
argument 


(15. 40’) 
IN uw ) 2(#2) | 
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Neglecting all terms but the first, the solution for M leads to 
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This development breaks down as T' approaches T,. 

Qualitatively, the Curie temperature corresponds to a sort of con- 
densation temperature. The term with the constant a in equation (39) 
is an interaction between the atoms which reduces the energy of one of 
them if it orients itself in the same direction as the preponderant one of 
the others, which is measured by M. The orientation of all the atomic 
magnets of the system in the same direction, even at zero magnetic 
field, results then in a considerable decrease in energy, but also in a 
decrease in the available phase space, a decrease in entropy. Above the 
Curie temperature 7’, the temperature motion is sufficient to maintain a 
random orientation. If a field is applied, however, the interaction 
tends to aid the magnetic field, so that 7 — T, appears in the denomina- 
tor of (43) instead of 7 in paramagnetic substances. As the tempera- 
ture is lowered, and 7, approached from above, the interaction force 
becomes more and more predominant. Even a weak field, instead of 
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orienting only a few atoms, supplies merely the initiative. The force 
a-M brings about almost a landslide, although, as long as T is greater 
than 7'., the number oriented is still proportional to the magnetic field 
for very weak fields. 

Below 7, there exists a real landslide. The temperature motion of 
the atoms is not sufficient to counteract the energy decrease produced 
by a common preferential orientation. 

The description supplied by equation (40) is essentially in agreement. 
with the experimental observations on ferromagnetic matcrials. From 
the measured Curie temperatures of the remanent magnetic substances 
one may then calculate backwards the magnitude of a, the strength of the 
interaction. For iron, the Curie tempcrature is about 1000°K. The 
volume per atom, V/N, is 11.8 * 10774 cm?®. If, for uo, one Bohr mag- 
neton, uo = B & 10~”, is substituted, one obtains for the dimensionless 
quantity a the value 10*, an entirely different order of magnitude com- 
pared to the 47/3 occurring in the interaction of electric dipoles. 

It might perhaps be mentioned here that not all samples of iron, 
which at room temperature are all below the Curie point, show perma- 
nent magnetism. This is due to the fact that the macroscopic matcrial 
is composed of domains of microscopic size. Presumably, below T,, 
there exist individual domains which have permanent magnetic 
moments, but the orientation of the moments of the individual domains 
is random until a slight field is applied to bring them into alignment. 

In substances which are paramagnetic at room temperature, the 
peculiarly strong interaction of magnetic moments is missing. How- 
ever, the equivalent of the Clausius-Mossotti formula, equation (22), 
still predicts an interaction of the type considered here with a = 47/3. 
Paramagnetic substances would then have a Curie point, according to 
equation (42), which depends on N/V but lies, for most salts, well below 
1°K. Below this temperature the substances are ferromagnetic. The 
experimental evidence on this point is not conclusive. 

The discussion of ferromagnetism given in this section is practically 
the classical theory of Weiss,* which so far as it goes may be regarded 
as essentially correct. The chief contribution of the quantum mechan- 
ics has not been to alter the equations, except unimportantly by the 
substitution of the Brillouin function for (40), but to explain the occur- 
rence of a in (39). 

The nature of the strong interaction potential in ferromagnetic sub- 
stances has long been a mystery. Of course, the force need not be of 
magnetic origin. It is entirely unessential that the energy change is 
written as though it depended on the magnetic moment yo. Both yo 


*P. Weiss, J. de physique, 6, 667 (1907). 
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and a are characteristics of the material, and the force tending to orient 
the magnetic moments of the atoms (or, rather, the spins of the electrons 
in the metal) may have nothing to do with magnetism. The only reason 
that it is connected at all with the magnetic field 3 is that both 3¢ and 
this foree tend to accomplish the same result, a net orientation of the 
atoms in such a way as to tend to point all their magnetic moments in 
the same direction. 

It remained for Heisenberg* to explain the orienting force introduced 
by a in (39) as due to the exchange forces between electrons. The re- 
sultant energy of one atom includes terms proportional to higher powers 
of M than the first, which alone is considered in (39), and the complete 
quantum-mcchanical development is not as simple as that given here. 


The origin of the orienting force is intimately connected with the necessity 
of using antisymmetric eigenfunctions for electrons. If two electrons have 
parallel spins, their spin function is necessarily symmetrical. The orbital 
function of their positions must then be antisymmetrical. 

The antisymmetrical and symmetrical orbital functions differ primarily in 
the fact that the probability of the electrons being spatially close together is 
less for the antisymmetrical function. Since the electrons repel each other, 
these functions, other things being equal, will have lower energy. The result 
is a certain force tending to line up the electron spins in the same direction so 
as to create the low-energy antisymmetric orbital functions. 


? 
¢ 


15k. Magnetic Cooling 

Low temperatures are ordinarily produced by use of the Joule-Thom- 
son effect in gases. If the lowest-boiling gas, helium, is so liquefied, and 
then evaporated under reduced pressure, temperatures somewhat under 
1°K. may be produced. There exists, however, a practical lower limit to 
the temperature which may be obtained in this manner, since the rate of 
evaporation, which decreases with decreasing temperature, finally be- 
comes as low as the heat leak into the apparatus. Recourse has been 
taken to adiabatic demagnetization to cool even further. 

The principle of the method is simple. In the absence of a magnetic 
field the random orientation of the angular momentum vectors of the 
(magnetically active) ions introduces an entropy R In (2j +1), per 
gram atom, in excess of that due to lattice vibrations. The application 
of a strong magnetic field, while the material is kept at constant tempera- 
ture, tends to orient all the ions into the energetically lower directions, 
reducing the entropy. This reduction of entropy, at constant tempera- 
ture, in the strong field, demands a flow of heat gq = AS/T out of the 
material (calculated as if the field were applied reversibly). If the 


* W. Heisenberg, Z. Physik, 49, 619 (1928). 
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material, while under the influence of the field, is insulated, so that no 
heat can flow in or out, and the field removed slowly enough so that the 
whole process goes reversibly, no change in the total entropy of the 
material takes place. The material is therefore cooled, since entropy, 
and consequently heat, flow from the lattice vibrations to raise the 
orientation entropy of the magnetic moments to their original value of 
R ln (2j + 1). 

The process is usually carried out by applying the field while the salt 
containing the magnetically active ions is kept in contact with liquid 
helium boiling at reduced pressure. The initial temperature, 7;, in the 
process, 1s then about 1°K. The entropy due to the lattice vibrations at 
this initial temperature is extremely low so that the method is very 
efficient. Temperatures as low as about 0.004°K. have been attained 
in this manner. Indeed, it is quite practicable at 1°K. to reduce the 
entropy of some salts in a magnetic field by a greater amount than the 
total lattice vibrational entropy at this initial temperature. The simple 
consideration given above would lead one to expect cooling to 0°K. in 
such a case, and, of course, there 1s obviously a flaw in the argument that 
leads to such a prediction. 

The error made lies in the assumption that a random orientation of 
the magnetic moments would prevail at all temperatures in the absence 
of a field. If any interaction at all exists between the moments, either 
through a true magnetic force or owing to an interaction with the electric 
crystalline field, some particular specified orientation of zero entropy 
will be stable at O°K. The entropy of orientation of the magnets will be 
greater than zero above 0°K. but will approach the high temperature 
value of & In (2j + 1) only at temperatures for which k7 exceeds the 
energy of interaction. 

It is seen that the effectiveness of the magnetic cooling depends pecu- 
liarly on the substance used. If the material has a high density of ions 
with great magnetic moment, that is, if it has a high magnetic suscep- 
tibility, the change of entropy, AS, at the initial temperature 7';, with 
a given magnetic field, is high. In this event a relatively high initial 
temperature, or a relatively low magnetic field, may be used to attain 
a given final temperature. However, high magnetic susceptibility in 
the salt favors a large interaction between the magnetic moments, and 
if low initial temperatures and high fields are available, the final tempera- 
ture reached may be appreciably lower if a salt of low magnetic suscep- 
tibility is used. For this reason salts with relatively small suscepti- 
bilities, that is, with ions not having extraordinarily high moments, and 
very much diluted with water of crystallization or other inert ions, are 
used to attain the lowest temperatures. 
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The interactions which cause deviations from the ideal behavior cal- 
culated here for ions with magnetic moments completely unaffected by 
their surroundings are of two kinds. That which has usually the higher 
interaction energy, and therefore becomes important at the higher 
temperature, is the interaction between the magnetic moment and the 
field of the crystal due to the surrounding (magnetically inactive) mole- 
cules orions. This tends to favor one of the possible axes of orientation 
of the magnetic moment, giving it a lower energy than the others. How- 
ever, the crystalline field never distinguishes between the two possible 
directions along this axis, that is, it always leaves 2 of the 2j + 1 states 
with the same energy. As a result, if this perturbation alone were 
present the entropy at 0°K. would be RIn2. ‘There remains the true 
magnetic interaction which tends to line up all the spins in the same 
direction along the axis favored by the crystal field, and which reduces 
the entropy at 0°K. to zero. 

This magnetic interaction should presumably be calculable by using 
the equations of section 15j for ferromagnetism with the interaction 
constant a set.equal to 41/3. The substance would then have a Curie 
temperature, 7’, given by equation (42) witha = 47/3. There aresome 
theoretical reasons for being skeptical of this value of a, but experimental 
evidence does exist indicating that some paramagnetic substances be- 
come ferromagnetic at the lowest temperatures reached. 

The actual temperatures obtained are somewhat difficult to deter- 
mine. One might, for instance, measure the magnetic susceptibility 
in a very weak magnetic field, equation (27), and attempt to use Curie’s 
law to determine the temperature. However, marked deviations from 
(27) are to be expected at these low temperatures. This method, how- 
ever, is used to determine a qualitative temperature scale, the 7™ scale. 
By experiment, then, one observes that adiabatic demagnetization from 
the same initial temperature 7, but from different applied fields 3, 
results in different end temperatures 7'*, on this scale. In short, one 
can correlate the magnetic field 3C used in the cooling with the final 
qualitative temperature 7*, always starting from the same initial 
temperature. 

In order to determine the thermodynamic temperature 7’ as a function 
of 7* one proceeds as follows. The entropy decrease at 7; in going 
from zero magnetic field to the field 3 may be measured by the heat 
evolved or calculated exactly by equations given later in this section, 
since at this relatively high temperature, 1°K., the perturbing influences 
already discussed play no role. After the adiabatic removal of the field, 
the amount by which the entropy is below that at 7; is then known in 
terms of the qualitative scale 7*. One knows, then, S as a function 
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of 7*, and in particular one knows (0S/0T™)y,x as a function of 7", 
at, zero field. 

The next measurement is that of heat capacity, as a function of this 
qualitative temperature scale 7*. This is best accomplished by deter- 
mining the rate of heating (on a 7* scale) as the material absorbs y rays 
of known intensity. One then knows (0#/07™)y 5 at zero field, as a 
function of 7*. From the thermodynamic relationship 

1 
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one now finds the true temperature 7 as function of T* by 
_ (@B/aT*)y ae 
~ (88/8T*)y 3 


The entropy Se, at a given field, due to the orientations of the ions, 
may be readily calculated. It is, from equation (6. 26’), 


d 
S = as Se 
(15. 44) 50 IT (T In Qse), 


per gram atom of magnetically active ions, and Qz: is the sum 


m= +j : 
(15, 45) Qc = YL creer, 


m= —j 
Carrying out the differentiation one finds 
mati mga H 
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The fraction is just 3Ca/k7, as is seen by comparison with (34), which is 
(equation 37): (jg83C/kT)B;(jgBH/kT). By the same method em- 
ployed to obtain (37) it is seen that 
(15. 46) In Qie = In [eSt1/2)089C/k7 1 e G4 1/2) 08 /kT) 

— In [ePP2/24T _ 9-0880/2h7) 
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Using this in (45), one obtains 


oud 
(15. 48) Sy = R in sinh (: . 2 ) — In sinh (= ) — vBy(v) | . 


Sze varies from FR In (2j + 1) at y = 0 to zero as y approaches infinity. 
This function then represents the dependence of the entropy on the 
magnetic field 3C at constant temperature. 


161. Thermodynamic Equations in Electric Fields 

Throughout this chapter, up to the last section, statistical mechanics 
has been employed solely by the use of the Boltzmann factor e~“/*” to 
weight the various orientations of the molecules, atoms, and ions in 
order to ascertain the total electric and magnetic polarization. Only in 
the last section was a common thermodynamic function, S, calculated. 
This was chiefly occasioned by the fact that the thermodynamics of 
materials in magnetic and electric fields is not a familiar subject. 

In previous chapters, the experimental properties of the systems 
treated might have been calculated without explicit use of the word 
thermodynamics, or explicit naming of the various functions which occur 
and are also common to the general thermodynamic treatment. 

The material of this chapter might have been presented by first 
developing the equations for the thermodynamic properties of macro- 
scopic systems in electric and magnetic fields and subsequently cal- 
culating the thermodynamic functions by statistical mechanics. This 
method will be indicated here. 

In order to illustrate, rather than to prove, the thermodynamic 
equations for a system under the influence of an electric field, a simple 
plate condenser will be considered, in which all linear dimensions of the 
plates are large compared to their distance apart. 

Two conducting parallel plates of area A each, at a distance l/ apart in 
vacuum, form a condenser of capacity 


(15.49) C= 


the ratio of the charge q on the plates, to the voltage U between 
them, is C. 

The electrical work of charging the plates gives the free energy increase 
as a function of q as 


q q 
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The electrical displacement D between the plates is 


I 
(15. 51) Dade = deo 


where in the right-hand expression the volume, V = Al, of the field 
between the plates is introduced. 
The field & is 


(15. 52) &=-) 


which is equal to D when no material is placed between the condenser 
plates, that is, ® = & in vacuum. 
The work (50) may be rewritten as 


D 
(15. 53) w= ~f Edy! = Bs D?, 
An 0 : 8r 


Of course the final form of (53) and (50) agree if relation (51) is used. 

Equation (51) for ® and (52) for & are both valid if a material of 
dielectric constant € is introduccd between the plates of the condenser. 
However, the capacity is now 


Ae€ 
15. 49’ Cees 
up ) UD 4rl 
so that 
(15. 54) & = : D. 


The field & and displacement D are not equal in a material of dielectric 
constant e differing from unity. 


q 
The work of charging the condenser is still f Udy’, which may be 
0 


written 
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If the process is carried out at constant temperature and pressure the 
work done on the system determines its increase in free energy, F’. 

One now makes the distinction that the free energy of the field (and 
its energy, since the entropy of an electric field in vacuum is zero) is still 
given by (53), and the difference between (53) and (53’) lies in the free 
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energy change of the material (at constant temperature) as the field is 
applied. For AF, the change in free energy of the material, as a function 
of the electrical displacement D, one has 


V oft = 
(15. 55) AF(D) = — 9? (; = 1) ear (—), 
Sr € Sir é 


It was assumed, in integrating (53’), that € was actually a constant. 
This method was employed since the equations for a condenser in terms 
of € are more familiar than those in terms of the polarization. 

One may proceed somewhat more gencrally. The application of the 
charge 4 to the plates induces a polarization P in the material between 
them. The dimensions of polarization are dipole moment per unit 
volume, that is, charge times (vector) length in the direction normal to 
the plates divided by volume. P has therefore the same dimensions as 
Sor ®. This polarization in the material brings an induced charge of 
opposite sign up to the plates, partially neutralizing the applied charge q, 
and the field & is reduced to 


(15. 56) =4r (s — P) = Q) — 4rP. 


The use of the definition (8) of e by € — 1 = 4rP/E is seen to result in 
(54) that § = D/e. 

The voltage U produced on the plates is U = &l, so that the work of 
charging /U dgq is, as always, given by (53) as (V/4r) f/EdD. Using 
(56) for & one has 


” V ~° / , zs , 
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The first term is the work necessary to produce the field in vacuum. 
The second term is the electrical work done on the material by the field. 
Equation (53’’) assumes constant polarization P and displacement D at 
any time in the total volume V. A more general equation would involve 
a double integration, that is, one over the volume in which D and P are 
functions of position. 

The equation for the change of free energy, F’, of the material at con- 
stant temperature and pressure is 


(15. 57) (dF )pp = —VP(dD)rp, (=) —- —VP. 
OD/ tp 
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It is to be noted that if a dielectric constant exists, that is, if P is 
always proportional to €, as is normally the case, PdD and DdP are 
equal and may be used interchangeably. 


15m. The Calculation of F in a Field 

If one now wishes to calculate the free energy F for a gas, the Hamil- 
tonian or energy of each molecule must be expressed as a function of the 
electrical displacement © (which gives the effect of the true charges on 
the plates of the condenscr) plus terms due to the interaction of the mole- 
cules. The interaction energy of the molecules will be different in the 
presence of the field than in its absence, since the field tends to orient 
the permanent dipoles in one direction. 

If one wishes to obtain an equation equivalent to (23) in which the 
Lorentz-Lorenz force has been taken into account, the statistical treat- 
ment must include the interaction between the molecules, which are 
therefore not independent, and the method of calculation for the perfect 
gas may not be rigorously employed. 

One may, however, use a rather illogical method which leads to almost 
the correct results. In this it is simply assumed that the averaging over 
the interaction between the molecules leads to cquation (22) for the 
local electrical force acting on one molecule. The method is, then, 
logically no whit superior to that used in section 15g, indeed somewhat 
inferior, but will be followed here to demonstrate the use of equation (57). 

It is first necessary to investigate the effect of the electric force % 
on the energy of the molecule due to the polarization term a. It can 
be shown that the energy change u, in the molecule due to this term is 


(15. 58) Ug = — gas, 


This energy is made up of two terms of opposite sign: one, the electri- 
cal energy in the field, is —a%*; the second is the internal potential 
energy of the molecule, which is +4a%%. The electrical energy is just 
—p.,5, since the induced dipole is directed along the field, and from 
(10) p, = a%, so that one finds this energy to be —a$*. The increased 
internal potential energy of the molecule is due to a restoring force f 
tending to keep the positive and negative charges ze and — ze from being 
displaced. The displacement / of their centers is | = p,;/ze = aF/ze 
when the electrical force tending to pull them apart, which must be 
balanced by f, is ze¥. Using f = —zeS, dl = (a/ze) dS, and integrating 


: F 
-fra= f as’ ds’ = has, 
0 


one obtains the internal potential as half the negative of the electrical 
energy. 
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One may therefore write for the potential energy of the single mole- 
cule in the field ¥ the equation 


(15. 59) u = —Fpo cos 6 — 4aF". 


Equation (59) is satisfactory enough. The difficulty which arises is 
only what to substitute for the electrical force F. 

If the electrical displacement D is substituted for ¥ one neglects 
entirely the interaction between the molecules, not only that due to the 
Lorentz-Lorenz force making &),,. different from &, (22), but also the sur- 
face polarization which accounts for the difference between the elec- 
trical field & and the displacement D. Logically one should use D for 
§ in (59) and add interaction terms between the dipoles of the molecules. 

We shall adopt an easy way out which leads to approximately correct 
results. 

Since from (56) & = D — 4rP, and from (22) &,.. = & + 4rP/3, 
we find Ei. = D — 8xP/3. The correction term —8zP/3 represents 
the averaged contribution to the electrical force acting on one molecule 
due to the others. This must be halved, since it is a mutual force acting 
between two molecules, and we may approximately account for it by 
assigning half the term to each molecule, writing 


4 
(15. 60) F=D-—P. 


It is now a question of straight substitution into familiar equations to 
arrive at the equivalent of equation (23). The potential u in (59) is a 
function of the angle @ alone. In calculating the classical factor of the 
partition function Q due to the angle for the molecule, one has, withoutan 


electric field, only the integral over the volume element f 4 sin 6d6 = 1. 
0 


One must now replace this by 
(15. 61) f 1 sin 6e~“!*T da = Qs. 
0 


In this Qs gives the factor of the partition function Q affected by the 
field $, and normalized in such a way that Qs = 1 when § = 0. 

The additional term in the free energy F due to the electric field is 
—NkT \n Qs, so that 


(15. 62) F = Fo — NkT In Qs, 


where Fo is the free energy in zero field. 
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Substituting (59) for u into (61) for Qs, it is seen that, except for the 
factor e**’/?*" which does not contain 6, the integral is that already 


evaluated in equation (4) and 
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Using this in (62), 
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There remains still a considerable amount of juggling to arrive at an 
equation for the dielectric constant. One uses (57) to find the polariza- 
tion P = —(0F/0D)r7 p/V, with (60) for & in (64). The dielectric 
constant € is defined by (8) as e — 1 = 4rP/8, which with (54) that 
&=D /e gives P/D = (€ — 1)/4mre. Using this in (60) 
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With (57) and (64) 


| /oF 1 /oF ds 
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( Fr V ol V & ), pdD 
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ey 3e 
is obtained. Finally, noting that (2e + 1)? = 3e (e+ 2) + (e — 1), 


so that (2e + 1)7/9e? = (e + 2)/3e + (€ — 1)?/9e?, and neglecting 
(« — 1)? as a second-order correction, one arrives at (23) by using 
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The method used in this section is rather awkward. Actually the 
calculation of the behavior in electric fields is one of the few examples in 


which the statistical method is applied most easily without following an 
essentially thermodynamic method. Of course the development in 
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section 15g is also by no means rigorous, and as far as the authors are 
aware there exists no strict statistical method by which equation (23) 
has been derived. 

A careful and completely satisfactory method would use the electrical 
displacement D for F in (59), and, with the equations for a system of 
dependent particles, insert the interaction between the electric dipoles 
as an additional term in the Hamiltonian. 


CHAPTER 16 
DEGENERATE GASES 


(a) Introduction. (b) Definition of Black-Body Radiation. (c) The 
Quantum States of Radiation. (d) The Planck Black-Body Distribution 
Law. (e) The Thermodynamic Functions of the Radiation Field. (f) 
The Degenerate Fermi-Dirac Gas at Zero Temperature. (g) The Integrals 
Occurring in the Equations for the Fermi-Dirac Gas. (h) The Thermo- 
dynamic Functions of a Degenerate Fermi-Dirac Gas. (i) Electrons in 
Metals. (j) The Richardson Effect. (k) Approximate Calculation of the 
Heat and Electrical Conductivity of Metals. (1) The Maxwell-Boltzmann 
Collision Equation and Its Application to Electrons in Metals. (m) Elec- 
trical and Heat Conductivity and the Thermoelectric Effect. (n) Liquid 
Helium II. (0) The Degenerate Bose-Einstein Gas. 


16a. Introduction 

In Chapters 5 and 6 the quantum-mcchanical distribution function, 
equations (5. 12) and (5. 13), for the number of molecules per quantum 
cell 


(16. 1) C, = er te/kT = 1’ 


was derived. In this relation N, denotes the number of particles which, 

at equilibrium, are found in a region 7 consisting of C; cells, or quantum 

states of one particle, the energies of which lie between e, and e, + 

A;e. The parameter a is determined by the condition that the total 

number N of particles in the system is fixed, that is, that }°N;, summed 
Jj 


over all regions 7, must be equal to N. 

Equation (1) is applicable to all systems composed of mechanically 
independent particles. The minus sign in (1) is to be used if the par- 
ticles have symmetric eigenfunctions, in which case they are said to 
obey Bose-Einstein statistics. The plus sign must be used if the 
particles have antisymmetric eigenfunctions, in which case they are said 
to obey Fermi-Dirac statistics. Which case prevails for a given kind 
of particle was discussed in section 2k. 

In the treatment of perfect gases, Chapters 5 to 9, the distribution 
function (1) was always modified by omission of the unity in the denom- 
inator. The difference for the two kinds of systems then disappeays, 
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and classical or Boltzmann statistics is obtained. This approximation 

can certainly be made if e* is large, or N;/C; <1, for all regions 7. The 

parameter a was determined for monatomic gases by setting 2,N; = N, 
J 


with neglect of the unity in the denominator. The result, 


] 


QamkT 3/2 V M3l275!2 
(16. 2) en 0(= ) 0.0269 —_—— 


h? N ~ ee P atm. 


was found to justify, a posteriori, the neglect introduced. In (2), m is 
the mass per atom, M the atomic weight, and g the multiplicity of the 
ground level in one atom. Even for helium at one atmosphere and at 
its boiling point, 7 = 4.2°K., e* = 7.5. Great molecular weight, low 
density, and high temperature all favor large values of a. For all ordi- 
nary chemical gases the assumption of large values of e* is well justified. 

There exist, however, three familiar systems which may, with varying 
degrees of accuracy, be treated as perfect gases, but for which e* is not 
large. These are the cases of radiation, of electrons in metals, and of 
liquid helium at very low temperature. For these three systems the 
unity in the denominator of (1) may not be neglected and the full 
quantum-mechanical formula must be used. Systems for which this 
is the case are called degenerate (entartet). 

The radiation contained in an enclosed space surrounded by walls of 
a fixed temperature 7 is referred to as black-body radiation. The 
photons which compose this radiation are strictly independent of one 
another in the mechanical sense. They therefore make up a truly per- 
fect gas. However, the equivalent of mass, m = hv/c’, is small, and the 
density, or number of particles per unit volume, at ordinary tempera 
tures, is large. The number of photons per cell is considerable, and the 
deviations from classical behavior are very appreciable. 

The treatment of this system differs from that of an ordinary per- 
fect gas in two respects. The total number of photons in a given 
volume at equilibrium is not constant, but a function of temperature 
alone. The number of cells C; depends on the energy differently in a 
photon gas than it does for molecules of finite rest mass. 

The calculations will be made in sections 16b, c, d, and e. Photons 
obey the Bose-Einstein statistics, and the minus sign must be used in 
equation (1). Since this gas is the only truly perfect gas at all densities 
in which interactions between the particles are actually zero, the equa- 
tions derived are exact. The treatment leads to the Planck black-body 
distribution law for the energy density as a function of frequency. 

Drude, in 1900, suggested that the electrical conduction and the very 
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high heat conductivity of metals might be explained by assuming them 
to contain a “‘ gas”’ of free electrons. The theory was partially suc- 
cessful but failed chiefly in that the observed heat capacity of metals did 
not include the classically expected 3k/2 per electron. 

In 1928 Sommerfeld* and his coworkers of the theoretical seminar 
published a series of papers in which it was shown that, if account was 
taken of the fact that the electrons of the gas must obey the Fermi-Dirac 
statistics, the observed phenomena could be accounted for satisfactorily. 
Owing to their small masses, and the comparatively high densities of 
particles in the crystalline metal, the deviations from classical behavior 
are marked. 

The attempt to treat the electrons as independent, and moving within 
the metal as if in a field-free box, is, of course, highly approximate. 
Unlike the application to radiation, the equations derived by this 
method have only approximate validity for electrons in metals. 

Liquid helium at low pressures does not freeze as the absolute zero 
of temperature is approached. Instead, there occurs a transition to a 
second liquid-phase, called liquid helium II, which displays very curious 
properties. Londont has shown that this strange behavior is at least 
partly duc to deviation from classical statistics. Helium atoms form a 
Bose-Einstein system, and at the temperature in question, below 2°K., 
and at the high density of the liquid, the neglect of the minus one in 
equation (1) would certainly be unjustified. 

London attempts to approximate the properties of the liquid by 
treating part of the atoms like electrons in a metal; these atoms are 
assumed to behave like the independent atoms of a gas constrained to 
remain in the volume of the liquid. 

In this chapter the equations for radiation and for Fermi-Dirac and 
Bose-Einstein gases at low temperatures will be developed. The relation 
between the properties of the two types of gases and those of electrons 
in metals and liquid helium, respectively, will be discussed. 


16b. Definition of Black-Body Radiation 

It is an everyday experience that a solid body, if heated, emits light, 
the intensity and color of which change with temperature. At any 
one temperature, the intensity and spectral distribution of the emitted 
radiation is a characteristic of the body, which could be determined 
theoretically only by a detailed investigation of the process of light 
emission. Statistical calculations, however, permit one to deduce the 


* A. Sommerfeld, Z. Physik, 47, 1 (1928), and in the same volume, W. V. Houston, 
page 33; Carl Eckart, page 38; A. Sommerfeld, page 43. 
t F. London, J. Phys. Chem., 48, 49 (1939). 
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energy density at different frequencies of the radiation which is in 
equilibrium with the body. 

The application of the second law of thermodynamics to radiation 
processes enables onc to derive the fact that a body capable of emitting 
light of a certain frequency must also be capable of absorbing it, and 
furthermore that the radiation with which the body is in equilibrium, 
which is described by the intensity of radiation of different frequencies, 
is a function of the temperature only, and independent of the body in 
question. This will be demonstrated here. 

We wish to introduce the device of a box with perfectly reflecting 
walls, that is, with walls which neither emit nor absorb radiation. Light 
contained in this box is then effectively insulated from the outside; if 
the box is otherwise empty neither intensity nor frequency distribution 
changes with time. In this box two different objects, a and b, are 
placed, and the temperature of both is maintained at the same value 7’. 
Between the objects, dividing the box into two unconnected parts, a 
screen is introduced, which has the property of perfectly reflecting light 
of all frequencies except one, v, for which it is transparent. Although this 
is certainly an idealizing assumption, in practice screens could be found 
which approximate the qualities stipulated here to a certain degree. 

If either one of the objects a or b were alone in the box it would emit 
and absorb radiation until it comes to equilibrium, that is, until the 
intensity of light surrounding it becomes so high that it absorbs as much 
light of each frequency as it emits. Let us assume that the density of 
light of frequency v in equilibrium with the bodies was higher for object a 
than for b. If now the two objects are separated by the screen, trans- 
parent for this frequency v only, each body tends to create the intensity 
of light in its surroundings with which it isin equilibrium. There would 
be a flow of light through the screen from side a to side 6. Since this 
would decrease the density of light on the side a, the body a would emit 
more energy than it absorbs, whereas the converse would be true for b. 
The effect would be a net flow of energy between two objects at the 
same temperature, without the intervention of work, a result in disagree- 
ment with the second law of thermodynamics. 

It follows that the density of light of each frequency must be the same 
for the radiation in equilibrium with any two bodies a and b at the same 
temperature, independently of the nature of the objects. The energy 
per unit volume of light of frequencies between v and v + Ay in equilib- 
rium with a body of temperature T shall be termed U(v,T) Av. We 
have reached the conclusion that U(»,T) is a universal function of 
frequency and temperature alone. 

A body which absorbs all the light falling on it is called black. The 
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energy of radiation absorbed per second by such a body 1s easily cal- 
culated from the radiation in equilibrium with it. Of the light of 
frequency »v, a fraction dQ/47 has a direction located in one solid angle 
dQ. An element of surface is struck, in the time interval dt, by that 
fraction of the light contained within the hemisphere of radius c dé, 
which is directed towards it. c, the velocity of light, is independent of 
the frequency. The energy arriving per unit time, for each frequency, 
is therefore simply proportional to U(v,T). The proportionality con- 
stant, calculated in the same way as for molecules hitting a wall, 1s 
c/4 for unit area and unit time. For a black surface all this energy is 
absorbed, and the energy emitted per second, unit area, and frequency 
range Av, must be the same, namely, (c/4)U(v,7’) Av. For this reason 
the function U(»,T) is called the black-body distribution function. 

No real bodies are truly black for all frequencies. One can conclude, 
however, that, if r, signifies the reflection coeffieient for the frequency 
y at the temperature 7’, i.e. (1 — 7,) the fraction absorbed, of the light 
of frequency »v striking the surface, the emission from the surface is 
(1 — r,) times the emission from a black body at the same temperature. 
This is known as Kirchhoff’s law. The intensity of radiation emitted 
by a black body represents the upper limit attainable from any surface 
of a given temperature. 

The function U(y,7’) might be determined by calculating the rate of 
emission from a black body. Since, however, U(»,7') signifies the 
density of light in equilibrium with any body at the temperature 7’, it 
must be an inherent property of the radiation field itself and subject to 
a simpler statistical derivation. 

This is undertaken in the following manner. One considers an 
amount of radiational energy EH contained in a box of volume V with 
perfectly reflecting walls. One calculates the most probable distribution 
of the energy over the various frequencies, namely, that distribution 
for which the entropy of the radiation has the maximum value. The 
resultant spectral distribution will be the black-body radiation function. 
In following this procedure we must take account of the quantized 
nature of the light, the fact that radiational energy of the frequency v 
can occur only in integer quanta of energy hv. ‘The task 1s then the 
calculation of the most probable distribution of the light quanta over 
the frequency ranges, subject to the condition that the total energy is 
fixed. The problem becomes rather similar to that of calculating the 
distribution of molecules of a perfect gas over the ranges of energy. An 
important difference arises from the fact that the total number of photons 
is not prescribed. 

In the calculations for the perfect gas one always assumes tacitly that 
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collisions take place between the otherwise independent atoms to bring 
about the equilibrium distribution. The light quanta, on the other 
hand, are strictly independent, and do not collide. To attain equilib- 
rium one must assume the introduction, into the box, of a minute black 
dust particle, of negligible heat capacity, which by emission and absorp- 
tion serves as a catalyst in converting photons of one frequency into 
others, with conservation of energy but without conservation of their 


number. 


16c. The Quantum States of Radiation 
In a closed box, with perfectly reflecting walls, the boundary con- 
ditions, deducible from Maxwell’s equations, demand that only certain 
definite standing waves of particular wavelengths and directions of 
propagation can be contained in the space. If, for simplicity, the box 
is assumed to be cubic, of side length 1, volume V = B, the vector XN; 
whose direction is that of propagation, and whose magnitude is the 
wavelength, must have the components 
yd | 2l 2l 
(16. 3) Ae = k, Ay = i, rz ic 
where k,, k,, k, may be any positive integers. The wave number, w, 
for such a wave is given by 


i 1 


2 = Gp (k2 + k’ + k?), 


(16. 4) w* = 

and the energy of one photon in it, e = hv = hew, by 
h 

(16. 5) c= 5 (+ i +e)”, 


Comparison with the quantization of the waves of material particles 
in a box, section 2g, shows that the quantum condition on the wave- 
length is the same in both cases. The dependence of energy on X, and 
therefore on the quantum numbers k,, k,, kz, is quite different, however. 

The next task is that of determining the number of standing waves, 
or quantum states of photons, C(v) Av, whose frequency lies between v 
and v + Av. By introducing the volume, V = [°, the magnitude k of 
the vector (K,, k,, kz) is related to the frequency by 


ovis 
C 


V. 


(16. 6) k= (+k? 4+ i2)1/2 


The number of permissible wavelengths, that is, of positive integer 
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values of k,, k, and k, between k and k + Ak, is, Just as stated in 
section 21, nneelghth the volume of a spherical shell of radius k and 
thickness Ak, namely, 


An 9 
3 & Ak. 


The number of k values in the frequency range Ak is obtained from this 
by expressing k in terms of v with the help of (6). To find C(y) Av 
the result has to be multiplied by 2, since each wave described by the 
vector A may still have two independent directions of polarization. One 
obtains 


2 
(16. 7) C(v) Av = 8rV Av. 


This equation is analogous to equation (2. 34) or (5. 2) for a monatomic 
gas. 

A quantum state of the complete radiation field is determined by 
giving the number of photons in each monochromatic standing wave 
or ‘‘ cell.” 


16d. The Planck Black-Body Distribution Law 

The frequency scale, running from zero to infinity, will be divided 
into regions in such a way that the jth interval runs from »; to v; + Aj». 
The number of standing waves whose frequency lies within the jth range 
will be denoted by C;. 

The numbers, N;, of photons in the quantum states of each region 
determine a spectral distribution of the radiation. The total energy 
of the system, in this distribution, is given by 


(16. 8) E = DhyN; 
J 


and will be kept constant. 

The entropy S of the radiation field in the distribution is equal to 
k times the logarithm of the number of quantum states of the radiation 
field which conform with the distribution. The number of quantum 
states is given by the number of ways in which, for each region 7, num- 
bers of photons in each of the C; cells can be chosen such that their sum 
is N;, or, in other words, the number of ways in which N; identical 
objects may be placed in C; different cells. S is the sum over all regions 
of the entropy of each region, S = 2)S;, and Sj, according to equa- 
tion (5. 8), is given by ’ 


6. 9) 8; = k{c,1n(1 + i) + Njn(1 + 52) }- 
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The most probable distribution is that for which S is a maximum, 
subject to condition (8) that the total energy be kept constant. It is 
calculated with the method of undetermined multipliers, Appendix A VI, 
by the condition 


as dE C; a) 
16. 10 — — kB— =0=k!l — kBhy; » 
( ) aN; B aN; a(1 ar Bhy; 
In (10) the parameter k@ is equal to (0S/dF)y = 1/T. 

From (10) one obtains the equation determining the equilibrium num- 

ber of photons for each region as 
N; 1 
16. 11 Se a ee ae 
( ) C, elt /kT —_ ] 

In contrast to the calculation for the perfect gas, owing to the lack of 
conservation of numbers of photons, only one condition, that of constant 
energy, restricts the maximum of S. Correspondingly, only one unde- 
termined multiplier 8 = 1/kT occurs. For molecules the condition 
XN; = N introduces a second parameter a. Equation (11) differs 


dj 
from the distribution function (1) for material gases only in the fact 
that a = 0. 

The dependence of C; on the frequency, or energy, of the region 
brings in a further difference between photon and material gas. Substi- 
tution of (7) for C; and of N(v) Av for N; leads to 

y? 1 
(16. 12) N(v) Av = 8aV -G GhelkT 4 Av 
for the equilibrium number of photons of frequencies between y and 
y+ Ay. 

The density of energy U(v) Av, or energy per unit volume, of radia- 
tion of frequencies between v and v + A», is found by multiplying the 
number of photons per unit volume, N(v) Av/V, in the frequency range 
Ay, by the energy of each photon, hy. The result, 

Sarhy® 1 
(16, 13) U(r) =a = N() = an ie ghelkT _ 1” 
is known as the Planck black-body distribution law. 

If hv/kT is small, which it is for very low frequencies at any given 
temperature, and for any given frequency range at sufficiently high 
temperature, one may develop e*”/*? — 1 & hy/kT, and one obtains 


(16. 13’) U(v) & si 7 Alii» eT <1). 
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Equation (13’) was first derived by Lord Rayleigh on the basis of purely 
classical statistical arguments. Rayleigh used the amplitudes of the 
standing waves as the normal coordinates of the “ ether’ composing 
the radiation field. Equation (7) then gives the number of vibrational 
degrees of freedom whose frequency lies between v and vy + Av. Since 
the average energy for each vibrational degree of freedom in classical 
statistics is kT, equation (13’) is obtained immediately. If, instead 
of kT, the average energy of a quantized oscillator is used (equation 
7.21 divided by No), hv/(e"”/*? — 1), one arrives at the correct equa- 
tion (13) instead of (13’). 

Rayleigh also noticed the obvious shortcoming of the classical formula 
(13’): the radiation density at increasing frequency tends to infinity 
at any temperature — a prediction which is obviously absurd. 

Another approximation to (13) is obtained by applying to the photon 
gas the statistical methods for a classical Boltzmann gas, instead of for 
an Einstein-Bose gas. The calculation yields N;/C; = e"”/*", and 
one arrives at 


Sarhy® 
(16. 13’) U(y) = = enh lkT 


It is seen that the correct equation (13) becomes asymptotically equal 
to (13’’) for hv/kT >> 1, N(v)/C(v) <1, low density of photons in the 
phase space. Equation (13’’) was proposed by Wien, not on any 
theoretical basis, but simply as giving agreement with the observed 
spectral distribution for high frequencies. 

Historically, equation (13) was first given by Planck as an inter- 
polation between the Rayleigh distribution law (13’), which had been 
experimentally verified for low frequencies, and the Wien equation, 
valid for the opposite extreme. The universal constant h entered into 
physics for the first time through this empirical equation. Planck then 
showed that the average energy of any material oscillator, in equilibrium 
with the radiation field, and therefore in any temperature equilibrium, 
must be the same as that of one of the ether vibrations, namely given 
by hv/(e*”/*T — 1), Finally, he saw that this could be explained by 
the famous quantum hypothesis that an oscillator of frequency » can 
possess energy values of nhv only where n is any integer, and where each 
value has the same a priorz probability. This postulate was the birth 
of the quantum concept. 

For a, fixed temperature, function (13), plotted against v, starts at 
zero at vy = 0 like a quadratic parabola. It rises to a maximum and ap- 
proaches zero exponentially as »v goes to infinity. The area under the 
curve, which is equal to the total energy density, U, of the radiation 
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field, is finite. The distribution function has one property, which it 
shares with (13’) and (13’’), and which was derived by thermodynam- 
ical considerations before the exact form of the black-body radiation 
formula was known. It can, namely, be written as »® times a function 
of v/T’, or, which is equivalent, in the form U(v) = T?f(v/T). From 
this alone it follows that the maximum of the spectral distribution, 
obtained by equating to zero the first differential of U(v,T) with respect 
to v, is proportional to 7. As the temperature increases, the maximum 
shifts to higher frequencies. The height at the maximum is propor- 
tional to T*; and the area under the curve, the total energy, is propor- 
tional to 7%. 


16e. The Thermodynamic Functions of the Radiation Field 

The total energy per unit volume, or energy density, of a radiation 
field is obtained by integrating (13) over all frequencies from zero to 
infinity, 


i y F Sah (7) f- (hy/kT)? ; =) 

= ————__-—_—- = — | — —_—__—__——_—- ¢ | —_ ] - 
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In the expression on the right-hand side the definite integral is simply 


a dimensionless numerical coefficient. It is evaluated easiest by expand- 
ing the denominator, 


1 io @) 
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If the new integration variable u = hv/kT is introduced, with the fact 


io @] 
that f ure “du = 6/n*, the definite integral is found to have the value 
0 


The sum of the inverse fourth power over all integers is equal to 1*/90. 
Using this result, one finds 

8x° (kT')4 
(16. 14) = 7 (he)? 


for the energy density of black-body radiation at the temperature 7’. 
The entropy is determined by inserting the result (11): 


Cc hv 
— phvlkT __ cig Geran 
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into the equation (9) for S;. With (7) for C; = C(v) Av one obtains 


(oe) 
S = f |_gev +2 In (1 — eG PV/F?) 4 7 Ne) dy. 
ae c T 


The second term is UV /T.. By introducing, as before, the dimensionless 
integration variable u = hv/kT, the first term is seen to be 


3 Aw 
—8rVk (=) f u? In (1 — e~*) du. 
he 0 


The definite integral is evaluated by expanding 


co 1 
nQl-e“)=-D-e™, 
n=1N 


fo @] 
and integrating, considering that f we du = 2/n’, 
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As a result the equation for the entropy density 
S Sir kT ° U 
aks (Fr) a 
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or, with (14), 


is obtained. 
The Helmholtz free energy, or work function A = # — T'S, for radia- 


tion is 


UY 8h (KT) 
(16.16) A=UV-TS=-—ZV = y SY ee 


The radiation pressure may be obtained by the usual thermodynamic 
relationship, 


(16. 17) Pie (7) _U _ 8a? (kT)* 
T 


The free energy F is 
(16. 18) F=A+PV=0. 
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This result is not surprising. In Chapter 6 it was found that the 
constant a introduced into the expression for N;/C; as calculated by the 
method of undetermined multipliers was always given by a = —4/kT, 
where » = F'/N 1s the chemical potential. In this chapter we find that 
a is zero, and correspondingly in (18) the free energy F for radiation in 
temperature equilibrium is always zero. 


16f. The Degenerate Fermi-Dirac Gas at Zero Temperature 

The properties of metals, especially their electrical conductivity, may 
be rather satisfactorily explained by assuming that metals contain a 
perfect gas of electrons. The physical reasons which justify this 
assumption, and the extent to which the deductions drawn from such a 
picture may be relied upon, will be discussed in some detail in section 16). 
At present we wish to focus attention on the results derived arising 
from that assumption. 

If each metal atom contributes one, or as many electrons as its valency, 
to the electron gas, the density of particles in the gas is very high. The 
molal volume V of the electron gas is the atomic volume of the metal 
divided by a small integer. Atomic volumes of metals are of the order 
of 10 cc. 

Electrons obey Fermi-Dirac statistics. The distribution function is 
therefore given by 


1 
ela -HIkT + 1 : 


Nj 
(16. 19) G; = 
The classical distribution function is that in which the unity in the 
denominator of this equation is omitted. The temperature above which 
this neglect is justified is determined by the condition that —y/kT be 
considerably larger than unity. Evaluation of this quantity with 
omission of the unity leads to —u/kT = In [0.000634M?/? VT?!?], from 
equation (2). If the electron atomic weight M = 1/1840, and V = 
10 cm? is inserted, —u/kT = In[8 X 10° °7?/?]. This shows that the 
classical equation could be applied successfully only above 10° degrees, a 
temperature for which no metal is solid. At room temperature the 
classical distribution function is not even suitable as a starting point for 
an approximate calculation. 

In view of this it is interesting to study, at first, the opposite extreme, 
namely, the properties of the gas at 7’ = 0, which gives a much better 
approximation for room temperature than the classical distribution. 
This calculation can be done without recourse to the distribution 


function. 
The lowest energy of a classical or a Bose-Einstein gas at T = 0 is 
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Eo = 0. At zero temperature all particles crowd into the lowest state 
and lose all kinetic energy. For a Fermi-Dirac gas this is not possible. 
The particles in it are subject to the Pauli exclusion principle: no more 
than one may be in one quantum state, or cell. The lowest energy of 
the gas of N particles is therefore obtained if the N cells of lowest energy 
are filled with one particle in each. The energy Epo of the gas at T = 0 
is therefore different from zero. 

This quantity Ey can be calculated casily. We shall designate by uo 
the energy of an electron in the highest quantum state which is still filled 
at 7 =0. All cells of energy below uo are occupied, all cells with 
energy above uo are empty, at zero temperature. There must, then, 
exist precisely N states with energy lower than or equal to wo, and this 
condition is sufficient to determine po. 

The number of quantum states, C(e) Ae, of one particle, the energy of 
which lies between ¢ and e + Ae, is given by equation (5. 2) as 


y) 3/2 
C(e) Ae = 2rgV (=) el! Ae. 


In this equation m denotes the mass of the particle, V the total volume, 
and g the degeneracy of the internal ground level of the particles. For 
electrons g = 2, owing to the two possible orientations of the spin, so 
that 


9 3/2 
(16. 20) C(e) = 4rV (=) el /2. 


The numher of cells with energy less or equal to yo is given by 


Ho Qm\3!2 po Sr Qmpo\ ?!? 
J C(e) de = 4rV (57) J el/2 de = = V (**") . 
Since this number must be equal to N, the total number of electrons in 
the system, one obtains 


Sir me 
=—V 
err) 


or, for uo, the equation 
h2 3 ) 
16. 21 = —[{- — . 
( ) Ho = ( 7 
This quantity uo, the uppermost energy of the filled cells, is frequently 


called the Fermi energy. 
The use of (21) in (20) permits one to write an alternate form for 
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C(e) which will sometimes be found convenient, namely, 
; 5 
(16. 20 ) C(e) ia aN 


It is to be noted that we define a cell by both the translational quantum 
numbers, k,, k,, k, and the internal quantum numhers of the particle, which in 
this case consist of the two spin directions. One sometimes defines a cell by 
the translational quantum numbers only and says that two electrons, of oppo- 
site spin, may occupy this cell. The difference, obviously, is one of nomen- 
clature only. 


The total energy of the N particles in this distribution, namely, the 
energy Ep of the Fermi gas at 7’ = 0, is given by 


HQ 
Eo= f eC'(e) de. 
0 


Using equations (20’) and (21), and integrating, leads to 


3 3h? 3 x 
16. 22 Pad NG we ON ey 
( 2 ea € V 


The average energy per electron in the Fermi gas at T = 0 is 2 of that of 
the energetically highest particle, or 2 of the Fermi energy uo. 

The energy uo depends inversely on the mass of the particles. By 
inserting for m the mass of the electron, for No Avogadro’s number, and 
for V the molal volume V in cubic centimeters of the electron gas, which 
last quantity is equal to the atomic volume of the metal divided by the 
number of valence electrons, one obtains 


(16. 21’) uo = 4.166V~2/3 erg/molecule 
= 26.00V2’3 electron volt, 
Novo = 599.5V~?/?keal. ; 


uo/k, a temperature, has the value 
“a = 301,810V—2/3 °K, 


Since V is about 10 for most metals it is seen that the Fermi energy of an 
electron gas is extremely high. In the next section it will be shown that 
the thermodynamic properties of the gas above 7’ = 0 can be obtained as 
a power series in kT'/uo. A series of that type must be expected to con- 
verge very rapidly, so that the behavior of the electron gas at room 
temperature is not greatly different from that at 7 = 0. 

Equation (21) shows that both the small mass and the high density of 
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the electron gas favor this high value of wp. Atoms or molecules have 
masses more than twothousand times that of an electron, so that thevalue 
of uo for a chemical Fermi-Dirac gas, even at the same density, is very 
much smaller. A development with respect to kT’ /uo for a chemical gas 
obeying the Pauli principle would lead to a series which converges at 
very low tempcratures only, and at room temperature the thermody- 
namic functions arc radically different from those at T = 0, in accordance 
with the discussions of Chapters 5-8. 

The same results for the electron gas at zero temperature could 
have been obtained, of course, from the distribution function, (19). In 
(19) the quantity (7), a function of the temperature, is determined by 
the condition that the total number of particles is fixed. At T = 0 
function (19) is zero if e; > u(0); it is equal to 1 if e; < 4(0). The 
distribution function represents, then, the state that all cells with 
energy lower than u(0) are filled, all cells with higher energy empty. 
At e = »(0) the function has a discontinuity, as it drops suddenly from 
unity to zero. It is scen then that the Fermi energy up of the filled level 
of highest energy is equal to the value » occurring in the function (19) 
at 7 = 0. In Chapter 6 it was shown in general that the quantity yu 
in the distribution function is the chemical potential which is 1/N times 
the free energy F. The free energy of the electron gas at T = 0 is 
therefore Fg = Nup. We shall verify this result by direct calculation of 
the various thermodynamic functions at T = 0. 

A quantum state of the total gas is described by giving the number of 
electrons in cach cell. It is clear then that the distribution at 7’ = 0, 
when all cells of energy € < yo are full, all cells with ¢ > uo are empty, 
can be realized by one state (or, owing to the possible smal! degeneracy 
of the very highest level with € = yo, by a very few states) of the total 
system only. The entropy S = k In Q of the gas at 7 = 0 is therefore 
practically zero since Q is equal to a small integer. 

The work function A = FE — TS is Ao = Epo for the gas in the lowest 
energy state. The pressure of the gas, P = — (0A/dV)z, is obtained 
by using (22) for Hg = Ao 

dEo 3.049 2N 


2 


It is seen that the relation PoV = 2£o is precisely the same as that for 
the classical gas. A difference arises here from the fact that at T = 0 
neither Py nor Ep is zero. The numerical value of yo (21’) shows that 


(16. 23’) Po = 10.04 X 10!2V~5/3 dyne/cm? 
= 99 xX 10°V~5/3 atm. 
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Remembering that V is of the order of 10 cc. for metals one finds that the 
zero-point pressure in metals is very high. A gas at such high pressures 
can be contained only in a very strong box. For the electron gas, the 
metal itself provides this “‘ box.”” On account of the strong attraction 
between the electrons and the remaining positive metal ions the poten- 
tial energy of the electrons inside the metal is much lower than outside, 
so that the electrons remain confined to the metal. The electron pres- 
sure, tending to increase the volume, is balanced by the attraction 
between the ions and the electrons which tend to decrease it. 


The potential energy of the metal may be regarded as being made up, almost 
entirely, of the electrostatic Coulomb interaction energy between the positive 
ions of the lattice and the electron gas. This potential energy is negative and 
varies inversely as the cube root of the molal volume V. The total energy of 
the metal, compared to that of positive ions and electrons as a dilute gas at 
0’K., is composed additively of this negative potential energy and the positive 
kinetic energy Ey of equation (22). The equilibrium volume of the metal at 
0°K. will be determined by the condition that (0E/dV)r-o = P = 0. It is 
seen that this total pressure of the metal will be composed of two additive 
terms: the negative attractive pressure due to the potential energy which 
varies as V~*/5, and the positive repulsive Fermi pressure (23) varying as V~>’, 
At equilibrium the two pressures will be equal. The molal volumes and binding 
energies of metals calculated this way are in fair agreement with the experimental 
values. 


The free energy, F=A+PYV, is, at T=0, Fo = Eo + Pov. 
Using (22) for Eo and (23) for Po, one obtains 


(16. 24) Fo = Ho + PoV = Nuo, 


in agreement with the general identification of u with F/N. 

At temperatures above 7 = 0 the distribution function (19) must be 
used for the evaluation of the thermodynamic functions. Since the 
integrals cannot be evaluated in closed form, an approximation method 
will be developed in the next section. 


16g. The Integrals Occurring in the Equations for the Fermi-Dirac Gas 

The number of electrons N(e) Ae in the energy range between e and 
e+ Ae is obtained, as a function of the temperature and volume, by 
multiplying equation (20) for the number of cells, C'(e) Ae, by equation 
(19), the number of electrons per cell, 


mM 3/2 i /2 
(16. 25) N(e) = 4aV (=) ee IRE 4 | 


*O. K. Rice, J. Chem. Phys., 1, 639 (1933). 
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Using (20’) for C(e) this may also be written as 


: 3N el /2 
(16. 25°) N(c) = iar ewleP yy” 


in which yo, defincd by equation (21), is the chemical potential at 
T = 0, and uz the chemical potential at the temperature in question. 
The integration of (25) over all values of « serves to determine p as & 


fo a] 
function of temperature by equating the result f N (e) de to the total 
0 


number of particles VN. It is to be observed from the form (25’) for 
N(e) that u will necessarily result as a function of uo and kT alone. 
The energy may be determincd from the equation 


E -f ve de. 


It is seen that in general one is confronted with the problem of making 
integrations of the type 


io @) 
(16. 26) en f Sledge) de, 
0 
where the function f(e) is some simple continuous function of e« such as 
e/2 or ¢3/? and 
1 
(16. 27) g(e) = Joonr 


We have seen already that at 7’ = 0 this function g(e) is a step func- 
tion, unity for « < wo and zero fore > wo. Also at T = 0 the value of 
Mt, & = Mo is extremely high, yo/k is of the order of magnitude of 5 X 104 
to 10° °K. for most metals. 

It is not to be expected that u will decrease enormously with tempera- 
ture, so that at room temperature u/kT will be of the order of magnitude 
of 107, e #/*? ~ 10-*, The approximation method used for the 
classical gases is valid only if u is negative, e“/*? greater than unity. 
In this section integrals of the type (26) will be evaluated under the 
assumption that u/kT > 1, and their values will be obtained in terms of 
a power series in the small quantity k7T'’/up. The result will show, a 
postertort, that for electrons in metals this assumption, p/kT' > 1, is 
justified up to temperatures above those at which the metals melt. 

In order to integrate equations of the type (26) it will be necessary to 
resort to a trick. Since, as we have found, e“/*" = 10~*, g(e), equa- 
tion (27) is practically unity at « = 0, and decreases monotonously to 
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zero ate = ©. Its derivative g’(e) = dg/de is always negative, but has 
one single sharp minimum at ¢ = yw, as long as yu is positive. For 
u/kT > 1 this maximum of —g’(e) is very sharp, and the function 
—g’(e) is negligibly small for all values of ¢ differing greatly from e = uy. 
By a partial integration (26) may be transformed into an integral over 
—F(e)g’(e), and because of the form of —g’(e) only the values in the 
neighborhood of ¢ = uw contribute to the integral. The limits of inte- 
gration are actually from e = Oto e = ©, but since —g’(e) is practically 
zero for e < 0 no great error is introduced by changing the limits of inte- 
gration to minus infinity and plus infinity. With these limits the inte- 
gration can be performed by developing the function F'(e) as a Taylor’s 
series in powers of (e — ») about the place of maximum —g’ (e). 

The first and second derivatives of the function g(e) in equation (27) 
are 


dg(e) ele wIkT 
cs a a a et ES 
(16. 28 ) g (e) 7S de kTlee Hk T ib 1}? 
and 

d2q(e) ef HB) kT 
16. a Ss ae cae 
ee ae eT le ee ae Al? 


De2(e—w)/kT 
(kT) [ew /kT ie 1} 
_ ew) IK TT e(e—w) kT _ 1] 
io (kT)? [elem aT 4 1} 


The first derivative is always negative. The second derivative is zero 
when 


(16. 30) ee MIKT _ 1=0, e€= 4p. 


Ate = u the function —g’ (e) has a maximum, which is sharper the lower 
the temperature. The negative of the slope of the original function at 
this point is greatest. 
Using ¢€ = win (27) and (28), one finds that the value of the function 
g(e) at this point is 
g(u) tei 5, 


and that of its derivative 
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The logarithmic decrease in g(e) with In e€ is 
_ (* In oo _lau 
dine /,.., 2kT 


From this it is seen that the relative abruptness of the descent of 
g(e) from almost unity to almost zero increases with the value of u/kT. 


e= 0.902, 0.954,  1.00#, 1.054, 1.104, 


Fic. 16. 1. Plot of the Fermi distribution function and its derivative 
for various temperatures.* 


The functions g(e) and g’(e) are plotted in Fig. 16. 1 for various values 
of kT. 


By partial integration of the integral I of equation (26) one finds 
oo) ee) 
T= fo floglo) de = F(x )g(») — POg0) — [Fa ae 
0 0 


where 
oie Fle) = e’) de’. 
(16. 31) (e) J fle) 


If f(e) is not infinity at e = 0, then F(0) and the product F(0) g(0) 
are zero. If f(e) does not go exponentially to infinity with e the product 
F(«) g() will be zero since g(e) approaches zero as e ‘/*7 with increas- 
ing «. One may consequently write 


(oe) io @) 
(16. 32) I= f ONC ee f F(6q’ (6) de. 
0 0 
We now transform to the new variable 


€—p 
16. = 
(16. 33) x +T 


* » should be read in place of Hy everywhere in this figure. 
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and develop the function F(x) as a power series of z, 
Fe) = & Pee = 0), 


where, in the old variable 


. 34 F(z = 0) = [fle de 
(16. 34) eo) fie 
: - 7 z dF (e) - a d""f(e)1 
F' x = 0) = (kT) oe = (kT) | de th 


= (kT) (u). 


By introducing this development into (32) one may write 


n=] n ! 


(ETY f°) (y ) ft x°q’' (x) dx. 
z= —p/kT 
The integral of the first term is 
io @) 
(16. 36) — J g'(6) de = g(0) — (wo) = (1 e*PP Yt wL. 
0 


The function g’(x) is obtained by using the expression (33) for x in 
(28), 


(16. 37) (@) = kT (e® +1)? =k (e® +1) (7 +1) 
This function is completely symmetrical in x, that is, g’(x) = g’/(—2). 
The function approaches zero exponentially as x approaches minus 
infinity. If u/kT is large the value of the function is already negligible 
at the lower limit, x = —y/kT, of the integral in equation (35). No 
error is introduced, consequently, by changing the limits of integration 
of the terms in the sum of (35) toz = —o andz = +o. 
We must now evaluate the integrals 


+00 2 
J. (e? + 1) (€*% + 1) a 


From the symmetry of the denominator it is seen that the integrand is 
antisymmetrical in z if n is odd, that is, it changes sign if x is replaced by 
—z, and the integral is therefore zero for odd n. For even values of n 
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we may integrate from zero to infinity, and multiply by 2, since then the 
integrand is symmetrical in z. 
By developing 
1 e” 


(®+1)(*+1) (1+e%)? 
= — 5 (-1)"me™, 
m=] 


=e 7 — Qe~®* 4. Be37 _ ... 


the integration may be performed as 


(16. 38) 
+0 a as ? - _— 
E (e? + 1) (7 + jo aa mf we ae 
= —2n = — (n even). 


Using (37) and (36) in (35), with (84) and (388) one finally arrives at 


(16.39) I= J AOR ae J F(e)q’(¢) de 
(— = 


= [10 de — 2 E TEM W) E 
2n—1 Z 
fi) (4) - | ae | : 


The,gums occurring have the numerical values 


) 


(“8 _# oo (-1)"_ Tx! 
(16. 40) -= m2? = 75! 7 ee mm? 790° 
so that 
(16. 30’) -{ tr a 
| f af 
- fro as are (Z) +75 ory (5) 


oe 
Equation (39’) will now be applied to calculate u. Using (25’) and 


00 3N ” 1/2 de 
(16. 41) N -f N(e) de = san, ew) kT 4 i 
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one finds that f(e) = e'/? in this problem. The integral F(u) is 


: : oe 
fs de =f 2 de = = 3/2 
0 r 


The derivatives are 


df — 1 lip (<2) _ 3 sie 
() f cul er? rae eee 


Using these with (39) in (41) one finds 

3/2 2 kT 2 7 4 kT 4 

m v v 

ONE RC rasp 

( Lo S\u G40 \ pu 
which determines » as a function of wp and 7. 

In order to make the equation explicit in p the development 

1 _ Qr 4 bare 

(i4ta)?3 — 3 y 


is used to obtain the form 


Z pp -5(2V+5 ty" + 
een 2p 720\ 


and in this uw? = yo” [1 + (42/6) (k7'/u9)?| is substituted in the quad- 
ratic term. In the quartic term, which is the last correction, py is 
simply substituted for uw. One obtains 


re (kT\? MTN’ 
(16. 43) w= wo | -7,(") -F(= +o], 


as an equation for yu, the chemical potential, in terms of kT and wy. po, 
the chemical potential at 7 = 0, is given in turn as a function of the 
volume V by (21). 

The energy £ may be calculated by using the relationship that 


? é i BN ff  &!? de 
(16. 44) E =f eV(e) de = san Cet yy? 


from (25’). 
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In this integral f(e) = ¢8/? and 


fle) de = = wP?, 
0 
Yo3i. @f 31 
Si eae | Ae —= = — ~~) 
de 2 dé 8 pile 


so that 


3. /p\3? Br “ Tr! 53) 
pias ial fit ee as aan 
i sy (*) gee e an te + 


is obtained. 
By using (43) to replace » with uo, one finds for the energy 


3 5a? (/kT\? nr /kT\4 
16. 45 K =‘ [+---(—-} ——-(-— ae i 
46. 45) = Naw + a} te) + | 


16h. The Thermodynamic Functions of a Degenerate Fermi-Dirac Gas 

The chemical potential p, equation (43), and the energy HE, equation 
(45), of the degenerate Fermi-Dirac gas have been obtained as power 
series of the temperature, in terms of uo, equation (21), which 1s a 
function of the volume. 

The most direct statistical method of calculating the entropy would 
be to use the equation for 2;, the number of quantum states of the 
region j as a function of N; and C;, the numbers of particles and cells, 
respectively, Q, was calculated in Chapter 5 and is given in equation 
(5.4) and its logarithm in equation (5.9). S; =k In Q; is the 
entropy of the region, and S = JUS; gives the entropy of the whole 
system in the equilibrium distribution if (19) is used for Nj/C;. 
This procedure would involve anotner comparatively complicated in- 
tegration and will therefore be avoided. 

Equation (45), giving £ as a function of temperature and volume, 


3 we? (kT\? = 34* (kT\4 
en B= Nal5+5(7) ~ 80 (") feel, 


with (21), 
h?/3N y : duo 240 
16. 4 = —— [| — — — = = 
a oe als? " dV 3V 
is sufficient to permit the calculation of all other thermodynamic func- 
tions since it has already been shown that the entropy S 1s zero at 
T = 0. 
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The heat capacity at constant volume, Cy, is found by direct differen- 
tiation of (46) to be 


2 2 2 
(16.48) Cy =Nk@ 711-2 (%) +o]: 
2 Ho 10 \ po 


Since numerical evaluation of (47) has shown that uo/k = 301,810°K. 
xX V~2/3, in which V, the molal volume of the electrons, is about ten in a 
metal, one sees from (48) that Cy at room temperature is about 107? 
times the classical value, Cy = 3Nk. 

The entropy may be obtained by integration of C/T, with respect to 
the temperature, from zero to T’, 


T 2 2 2 
Cy T =| T (=) | 
16, 49 s=[ — dT = Nk— —!1— —(— Ets 
o FT 2 Mo 10 \xo 7 


ey os 
— TL 2\ uo 20 \ ny 
The work function, A = HE — TS, is, from (46) and (49), 
3 a? (kT\? = xt (kT\* 
aes) A= Nm 5-F(5) +(e) ~ oo] 
3 5a? ry x* a | 
mera Se ea) hp 


The pressure P is given by —(0A/0V)7, and with (47) in (50) one 
finds 


TR Ee pic 
(16.51) P= 7 aaa " ro a 
B 


ak +e (BY -=(7)'4 | 
5 V 12 Ho 16 Ko 
_2H# 

3 V 


The equation PV = 2EF/3V, found at T = 0°K., equation (23), is seen 
to be independent of temperature. 
The heat content, H = E + PY, is accordingly 


5 5a? fy x a) 
(16. 52) H = 28 = Nw 1+ (= -=( te], 


Ko 
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Finally, forming F = H — T'S, one finds 


re (kT\2 x (kT 
16. 53 F = SS: ——— — = Senne —a eee 3 
ool 5(—) sa.) = 


which is, of course, seen to be Nu, by comparison with (43). 

It is to be noted that in all the equations for the thermodynamic 
properties of the gas the temperature-dependent part occurs as kT / uo. 
Since yo/k is about 10°°K. for the molal volumes of electrons in metals, 
kT /uy is about 10~* to 107? for ordinary temperatures. The thermo- 
dynamic functions of the degenerate gas, at the concentrations con- 
sidered, do not depend greatly on T. In particular the heat capacity is 
almost negligible compared to that due to the vibrations of the ions 
up to considerable temperatures. 


161. Electrons in Metals 

Perhaps the best justification for treating metals as if they contained 
a perfect gas of electrons is that obtained a posteriori by the agreement 
between predictions and the observed experimental facts. This com- 
parison will not be carried far in this book. 

That electrons can move freely in a metal is a direct consequence of 
the experimental fact that the electric current is not accompanied by 
transport of the atoms composing the crystal lattice. Since the con- 
ductivity of true metals decreases with increasing temperature, it is clear 
that no “ activation energy ”’ is necessary to dislodge the electrons from 
an equilibrium position of rest. 

The ratio of the conductivity of heat, which is much higher in metals 
than in insulators, to the conductivity of electricity, is a universal func- 
tion of temperature, independent of the nature of the metal. This fact 
is known as the law of Wiedemann and Franz. Obviously, this can be 
explained only by attributing both phenomena to the same mechanism. 
The heat conductivity of metals must therefore be due essentially to the 
electrons, showing that they are able to move, even without an elcctric 
field, and to carry kinetic energy. The treatment of these phenomena 
in sections 16k-16m leads to the correct ratio between thermal and 
electrical conductivity. 

This freedom of motion of the electrons can be well understood on the 
basis of quantum-mechanical calculations. Actually, an electron in a 
metal is not “free,’’ but subject to strong and rapidly varying forces. 
These forces are of two origins: namely, the interaction of the other 
“‘ valence ’”’ or ‘‘ conduction ”’ electrons on the one considered, and the 
attraction of the positive metal ions. The first part, the Coulomb 
repulsion between electrons, e?/r, is a long-range force, varying only 
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slowly with distance. The potential on one electron will therefore not 
depend strongly on the instantaneous position of the others, and one 
may replace it simply by its average value. This is equivalent to treat- 
ing the electrons as independent, non-interacting particles, and is, in 
general, not a bad assumption. However, just this simplification has to 
be dropped to explain ferromagnetism, and probably this assumption is 
also responsible for the failure of the present theory to predict satis- 
factorily the phenomenon of superconductivity. 

There remains to be discussed the attraction of the lattice of the posi- 
tive metal ions on an electron. This potential is triply periodic, with 
valleys at the lattice points and hills between them. 

If the ions are close together, the potential energy of an electron at a 
hill between lattice points, even if corrected for the average repulsion of 
the other conduction clectrons, will still be much lower than that out- 
side of the metal. An elcctron with kinetic energy higher than that of 
the hills remains inside the metal, but it will certainly not be localized at 
one ion. Instead it will move freely throughout the whole lattice. 
From a semi-classical consideration, then, one would expect conduction 
to occur if neighboring metal atoms are so close together that the 
height of the hill of potential energy between them becomes less than 
the energy of the valence electrons. 

Quantum-mechanical calculations show, however, that electrons with 
energies less than that of the lowest potential ridges are able to go 
“through ” the hills. Even these electrons are not, as in classical 
mechanics, limited to stay at one ion, but can travel, and belong to the 
crystal asa whole. The rate at which a particle leaks through a poten- 
tial hill is higher the smaller its mass, and the more nearly its energy 
approaches that of the top of the hill. The eigenfunctions of all the 
electrons in this periodic potential field extend throughout the whole 
lattice and do not vanish at the potential hills between the lattice 
points. 

It is seen, then, that this picture of electrons shared equally by all 
metal atoms differs from that of a perfect gas of electrons only in that the 
number of quantum states C(e) Ae, for an electron in an energy range 
Ae, may be different from (20). In calculations for special cases this 
can be taken into account. It is apparent, however, that an alteration 
of the function C'(e) will not alter the results qualitatively, as long as 
C'(e) remains of such a form that the energy uo of the highest filled level 
is of the order of magnitude of (21), and as long as C'(uo) is different from 
zero, that is, as long as there are, at zero temperature, unoccupied elec- 
tron levels above the filled ones. This latter condition distinguishes a 
metal from an insulator. Only if there are unfilled levels available 
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directly above the filled ones, can an electric field accelerate the electrons, 
namely, raise them to higher quantum states. 


In the neighborhood of each ion the wave functions of the metal electrons 
will resemble those of the electron in the free atom. As long as the distance 
between the lattice points is rather large, each metal wave function, extending 
throughout the lattice, can be approximated as a sum of the atomic eigenfunc- 
tions around the different lattice points, the function at each lattice point being 
multiplied by a phase factor depending on the position of that point. The 
different metal cigenfunctions, arising from the same atomic state, differ then 
only in the numerical values of these phase factors. The phase factors for the 
possible electron waves are characterized by three quantum numbers k,, k,, kz; 
indeed, they have precisely the form of a standing wave, and may be obtained 
from equation (2. 18) by inserting for z, y, z the position of the lattice point in 
question. ‘The numbersk,, k,, k, are again connected with the linear momentum 
of the electron. 

The energy of these eigenfunctions, in this approximation, is given, except 
for an additive constant involving the atomic energy, by 


k, 
—B | cos NIB + cos —;;, at + cos A 


where £ is some integral over the atomic eigenfunctions. For small values of 
k,, k,, k, this may be developed, leading to an expression analogous to that for 
the energy of free electrons and therefore to an analogous ('(e), except that the 
mass m is here replaced by an expression containing 8. 

Since there are only N atoms in the metal, and therefore only N lattice points, 
it follows that only N different values of k,, k,, k, lead to different phase factors 
at the lattice points, just as the number of different lattice vibrations is limited 
to 3N in the Debye theory. Owing to spin there are then 2N cells in the metal 
corresponding to each undegenerate orbital electronic function of the free atom. 
The total number of states is the same in the metal as in the N free atoms of 
the gas. 

This separation of the single electron cells into bands of 2N cells each (includ- 
ing spin states) is characteristic of the approach in terms of the non-perturbed 
atomic functions. It may, however, also be derived by considering the per- 
turbing effect of the periodic lattice points on the wave functions in field-free 
space. In this case the band structure arises because those eigenfunctions 
whose nodes occur with the same periodicity as the lattice points will be particu- 
larly perturbed. 

The characteristic behavior of the metal, high electrical and heat conductivity, 
is due to the existence of a continuous band of unfilled cells for the electrons, 
immediately above the filled levels. These unfilled levels will be present, either 
if the atoms contain only one valence electron (the alkalies), so that there are 
N electrons for 2N cells, or if the bands due to the electronic states above those 
of the valence electrons overlap those below. This, for instance, is true in the 
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alkaline earths, where the p electron bands overlap the s bands, which are 
filled with a pair of electrons from each atom. 

In a crystal composed of rare-gas atoms, the energy of the lowest excited level 
is so high that the bands originating from these levels do not overlap the filled 
bands of the valence electrons. Similarly in molecular lattices, such as those of 
Cle, Bre, Oz, and Na, the first excited levels have too high an energy to lead to 
bands overlapping the valence electron levels. In crystals of all these materials, 
then, there exist no unfilled electron states immediately above the highest filled 
state in the crystals. These crystals are not conductors and are non-metallic. 


For sodium, Slater* has undertaken a careful calculation of the 
eigenfunctions of the conduction electrons, showing that they are stand- 
ing waves modulated at the places of the ions. ‘The value of the density 
of states, C(e), obtained by him is surprisingly close to that of (20). In 
general, it is to be expected that the electrons of energy higher than that 
of the potential maxima between the ions will not be greatly disturbed 
by the periodic potential field. Consequently, the value of C(e) at the 
top of the Fermi distribution, C'(uo), which enters most calculations, is 
somewhat more trustworthy than C(e) neare = 0. 

After this partial justification and criticism of the theory we shall 
return to the simple picture that the valence electrons in a metal form a 
perfect gas of independent particles. The potential energy for these 
electrons inside the metal is much lower than on the outside. If the 
average value of this potential in the metal is —u, measured from zero 
potential outside of the metal, it is clear that wu must be considerably 
greater than yuo, equation (21), or the electrons at the top of the band, of 
kinetic energy yo, would penetrate the surface and leave the metal, even 
at zero temperature. 


16j. The Richardson Effect 

The electrons in the metal may be regarded as a gas composed of 
independent particles moving in a potential energy trough with steep 
walls at the surface of the metal. The value of the potential outside of 
the metal may be taken as zero; the potential inside the metal is really 
periodic in space, but we approximate it as being constant, and having 
the value —u, per electron throughout the metal. The thermodynamic 
energies, H, F, and A, etc., of section 16h are all measured from the 
bottom of this potential trough, so that the choice of the potential of the 
space outside of the metal as zero alters their values by the additive 
term —U = —Nu. 

Since, in any metal, the electrons do not leave the metal surface at 
T = 0, it follows that wu must be greater than uo, the kinetic energy of 


* J.C. Slater, Phys. Rev., 46, 794 (1934). 
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the electrons of highest energy at 7 = 0. As the temperature rises, 
however, some of the electrons have greater kinetic energy, and at any 
fixed temperature a finite fraction of all the electrons will have kinetic 
energies greater than u, sufficient to penetrate the potential barrier at 
the surface and to leave the metal. This evaporation of the electrons 
from the metal surface is known as the Richardson effect or as thermi- 
onic emission. 

A direct evaluation of the rate of emission of electrons per square 
centimeter of surface may be made by calculation of the numbers of 
electrons striking unit surface in unit time, with sufficient component of 
momentum, normal to the surface, to overcome the potential barrier. 
The calculation is not difficult but will be deferred in favor of an alterna- 
tive consideration which brings out more clearly how little this electron 
emission depends upon the character of the metal. 

At any given temperature the metal will be in equilibrium with a 
definite concentration of electron gas in the space surrounding it. This 
concentration, however, will depend not only on the temperature, but 
also on the electrical potential of the space surrounding the metal. It is 
necessary, then, that, in order to avoid complications which do not inter- 
est us at present, we assume the presence of a positive ion gas of the same 
electrical density as the electron gas, so that the electrical potential of 
the space surrounding the metal is everywhere zero, and the potential 
difference between the interior of the metal and all points in this space is 
still aw. 

In this case the concentration of the electron gas outside the metal, 
which is in equilibrium with the electrons in the metal, 1s simply deter- 
mined by the condition that the chemical potential of this gas be 
—w = uw — u, the same chemical potential as that of the electrons in the 
metal, when both are measured from the same zcro of energy, namely, 
the potential of the space surrounding the metal. Now if the electrical 
potential of the space outside the metal is constant we can readily deter- 
mine the number of electrons striking unit surface of metal in unit time 
from the outside, and can do this by using equation (1. 38) already 
calculated in Chapter 1. 

At equilibrium the number of electrons leaving the surface of the 
metal, and the number entering, are necessarily equal. It follows that 
we may use the number hitting from the gas outside the metal at equilib- 
rium for a calculation of the thermionic emission. However, an addi- 
tional assumption is necessary before either the number of electrons 
striking the surface from outside, or the number of sufficient momentum 
from the inside, may be interpreted as giving the number of electrons 
leaving 1 cm.” of metallic surface per second under the conditions of 
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thermionic emission. This assumption is that the reflection coefficient 
at the surface is zero. It may be that a fraction r of the electrons having 
sufficient energy to cross the surface are reflected on hitting it, and only 
the fraction 1 — r of them penetrate into the space outside. The laws 
of mechanics demand that exactly this same fraction, 1 — r, of the elec- 
trons striking the metal from the equilibrium gas in the vacuum pene- 
trate into the metal. At any rate, the numbers entering and leaving 
the metal at complete equilibrium are equal, and since the number leav- 
ing is not affected by the presence of the gas outside, this number will 
give the thermionic current under the experimental conditions. 

The negative of the chemical potential, w, or free energy per mole, 
W = Now, of the electrons in the metal, measured from the electrical 
potential of the space outside the metal as zero, is called the work 
function for electrons of the metal in question, 


(16. 54) wWw=U— Bp, W=U —-F = Now. 


The chemical potential 1 measured from the potential — wu in the metal is 
given by (43). Since wu varies but little with temperature, w is often 
regarded as temperature independent, which, of course, is not strictly 
true. 

The work function w is fairly large; it is of the order of magnitude of 
several volts or several tens of kilocalories. —w 1s the chemical poten- 
tial of the equilibrium electron gas outside the metal, and since 
w/kT > 1, the unity in the expression e“t”/*” + 1 may be neglected 
in the distribution function, and the equations for this gas may be 
obtained by using the classical formulas. In short, the density of the 
electron gas outside the metal is so low that in spite of the small mass 
N(e)/C(e) is small for all kinctic energies, and the gas is completely 
non-degenerate. 

Equation (6. 25) for the chemical potential —w of the gas in tecms of 
its pressure P, 


F he NP 
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may be used. The electron has a spins = 4, the degeneracy 2s + 1 of 
the lowest, and only, internal quantum level of the electron is two, so 
that Q; = 2. Equation (55) may be solved explicitly for P, as 


amet" ; wht 
h 


(16. 56) P= aT ( 


This gives the vapor pressure of electrons outside the metal in terms of 
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the work function w, assuming that the space charge in the volume which 
contains the electron gas is neutralized. 

Using equation (1. 38) for the number Z of gas molecules striking 
unit surface in unit time, 


P 
ZF ==? 
V2nmkT 


(16. 57) 


the current, J = eZ, carried by the electrons may be calculated by insert- 
ing P from (56) in (57), as 


2 
(16. 58) [= frem(hT) one . 
h 

This is the Richardson* emission equation for the thermionic emission of 
electrons from a metallic surface. The possible reflection coefficient, r, 
being neglected, the numcrical factor in front of (58) is independent of 
the metal; w alone varies from metal to metal. Numerical evaluation 
leads to 


(16. 58’) I = 120.1T?e-”/*? amp. cm.~? 


Experimentally (58’) is usually used in the form 


7 ” 2) = 2. 2 1 = aaa 
(16. 58°) logio J (amp. em.) = 2.07968 + 2 logio T — Ss 


so that, with the assumption that the work function is independent of 
temperature, a plot of logyg (1/7?) against 1/7 gives a straight line with 
w/2.303k as the negative of the slope. If the surface area of the emitting 
metal is known, the absolute current may be found, and the numerical 
factor, 120.1 amp. cm.~? in (58’’), checked. 

For several metals this mcthod has given the numerical factor 60 
amp. cm.~2, just half of the value in (58’). This half value, at the time 
of the experiments, was the theorctically predicted value, since at that 
time the spin of the electron was unsuspected. It has already been 
mentioned that (58) should actually be multiplied by 1 — r, with r the 
(averaged) reflection coefficient. Quantum-mechanical calculations 
indicate that r should be negligible for clean metal surfaces. It is 
questionable whether the experimental factor of } X 120 should be inter- 
preted as showing a reflection coefficient r = 4. More probably it is 
an accidental relationship, and the true explanation lies in the expected, 
although small, temperature dependence of w, due to expansion of the 


* Derived by Laue and Dushman, M. von Laue, Jahrb. Radioakt. Elektronik, 18, 
205 (1918); S. Dushman, Phys. Rev., 21, 63 (1923). 
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metal lattice. Then, of course, the slope of (58’’) no longer gives w 
directly. 

Before leaving the subject of thermionic emission, it will be shown 
how, in detail, the numbers of electrons leaving the metal surface equal 
the numbers entering from the equilibrium gas outside of the metal. 
In the momentum range dp, dp, dp,, and unit volume, there are 
(2/h?) dp, dp, dp, cells, and [e*~”/*" + 1]~ electrons per cell. The 
number from this momentum range crossing unit surface, normal to the 
x axis, per second, is (vz = pz/m), 


Pz 2 1 
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(16. 59) z= 
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Only electrons whose x component of momentum is greater than poz, 
p?,,/2m = u, can overcome the potential hill at the surface and escape. 
The x component squared, p2,, after escape into the vacuum will be 
p2, = p2 — 2mu, so that, remembering that w = u — pu, (59) may be 
written 


1 1 


mh? e(p2ytp?-+p2)/2mkT+0/kT 4 Y (per) apy dD 


(16. 59’) z= 
in terms of the momenta, p, p, and pz, which the electron will have in 
the vapor outside of the metal. Equation (59’), however, is just the 
equation for the number of electrons in the momentum range dp;, dp, dp, 
of the equilibrium gas hitting unit surface normal to the z axis in unit 
time, since —w is the chemical potential in the gas. The total number, 
Z, hitting the surface is obtained by integrating (59’) over all values of 
py and p, from — © to +, and p2, from zero to infinity. 

The form (58) for the Richardson effect is valuable only in so far as 
it can be assumed that w is essentially temperature independent. This 
temperature independence of the work function is due to the degeneracy 
of the electron gas in the metal and the consequent low specific heat 
of the electrons. If the gas inside of the metal were assumed to be 
classical, w would contain an additive term +-kT7' In T?/?, so that (58) 
would become 


Tee Til 2g—wol kT 


The dependence on 7” predicted by (58) appears to be experimentally 
verified. 
The relation between w and the potential, u, is entirely different if 
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the electrons in the metal are treated as a classical or, as here, a Fermi- 
Dirac gas. For a classical gas, yw, the chemical potential inside the 
metal, measured from the bottom of the trough, would be negative; 
w = u — pw would, consequently, be larger than the potential u. Here 
it is predicted that w is several electron volts smaller than u. This can 
be checked by comparison with other experiments. 

If an electron, possessing kinetic energy ¢ outside, is shot into the 
metal, its energy above the bottom of the potential trough, or its kinetic 
energy inside, ise + u. Now, according to equation (2. 15), the wave- 
length h/p associated with the electron motion in a constant potential 
field is inversely proportional to the root of the kinetic energy. The 
ratio of the wavelength of the electron outside and inside the metal, 
do/Ai, the index of refraction of the electron wave, 1s correspondingly 
given by \./A, = [(e + u)/e]*/”. 

The electron waves, precisely as light waves, are diffracted by the 
grating formed of the regular arrangement of the ions in the metal 
crystal. For the diffraction at the surface the wavelength outside, X., 
is responsible. But the diffraction effects in the interior depend on the 
wavelength \; of the electrons inside the metal. For known lattice 
distances the measurements of diffraction maxima and minima due to 
the space lattice enables one to calculate \;. Since e, and therefore \., 
are directly determined from the known accelerating potential for the 
electron, one is able, in this manner, to measure u. The difference of 
the experimental values* of u and w is, according to the results of this 
section, equal to the Fermi energy uw. The agreement of the order of 
magnitude of u — w with that of uo, determined from (21), is very good, 
indeed so good that attempts have been made to calculate from this com- 
parison the one factor in wo which is not determined with certainty, 
namely, the number of electrons which each metal atom contributes to 
the electron gas. For instance, in nickel u — w is 11.6 electron volts. 
One obtains agreement with x, calculated from (21) only by assuming 
that there exist two conduction electrons per metal atom. However, 
the whole picture of completely free electrons is too rough to put much 
faith in these detailed considerations. 

The work function w can also be determined by the photo effect. In 
these experiments, light of one frequency range 1s shone into the metal. 
The electrons are able to absorb a light quantum hy, transforming it 
into kinetic energy. If an electron is raised, by this process, to a state 
of energy higher than u it may be able to leave the metal. This libera- 
tion of electrons under the influence of light is called the photoelectric 
effect. 


* H. Bethe, Ann. Physik, 87, 55 (1928); E. Rupsch, Leipziger Vorirdge, 1930. 
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Obviously, light of frequency » is capable of ejecting from the metal 
only those electrons whose kinetic energy was originally larger than 
u— hv. As long as the frequency of the incident light is less than 
w/h, therefore, there are only very few electrons in the metal possessing 
energies higher than +u — hy > u — w = gp, and the photocurrent will 
be effectively zero. If the frequency is increased, until hv > w, this 
situation is completely changed. There exist now many electrons 
which, by gaining the energy of one photon, arrive at a state of energy 
above u, from which they can escape as photoelectrons. The photo- 
current will therefore start at hy = w, the sharpness of the increase 
depending on the temperature. This prediction is well corroborated by 
experiment. 

The details of the calculation of the photocurrent depend on the 
transition probability, the derivation of which is beyond the scope of 
this book. The agreement with experiment is very satisfactory.* 

The fact that the chemical potential 1 measured from the potential 
energy —u of the metal is different for different metals is responsible for 
the Volta potential. If two metals are brought in contact electrons 
will flow between them until the absolute chemical potentials of elec- 
trons in the two metals are equal. This flow of electrons is not suf- 
ficient to change the absolute density of the electrons in the metal 
appreciably and therefore does not affect the values of yu, but it does 
alter the electrical potential ¢ of the metals. The potential energy of 
the electrons in the metal, measured from the same arbitrary zero as 
the electrical potential ¢, is —ed. The chemical potential measured 
from this arbitrary zero is then ug — ed, in the metal a. Once has, then, 
for two metals 


Ma — Cha = Uo — Cdhp 


1 
du — Ob = 5 (ua — HD). 


The potential energy difference between an elcctron in the metal a 
and in the vacuum immediately outside of the metal surface is always 
—U,a, and the electrical potential difference between the interior of the 
metal and the vacuum (immediately outside of the metallic surface) is 
da — bay = Ua/e. It follows that the electrical potential in the vacuum 
at the surface of two different metals is different, 


1 
dav — Poo = ba — $b += (Uy — Ua) ; 


*R. H. Fowler, Phys. Rev., 88, 45 (1931). 
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or 
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(wy — Wa) 
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from (54), where w, and wy, are the work functions of the two metals. 

If two parallel metallic plates of different materials are connected by 
a wire (at a uniform temperature), there exists an electric field in the 
space between these plates. This field is determined by the difference 
in work function of the two metals, and the distance between the plates. 


16k. Approximate Calculation of the Heat and Electrical Conductivity 
of Metals 

If the electrons suffered no collisions in the metal an electric field 
would accelerate them beyond all limit, and the electrical conductivity 
would be infinite. In Chapter 1 the transport phenomena in a classical 
gas were considered, and it was found that the equations obeyed in the 
various processes considered there all involved the mean free path of 
the molecules in the gas. The electrical and heat conductivity of the 
electrons in a metal, similarly, Bepende on the mean free path of the 
electrons in the metal. 

However, the collisions which limit the free path of the electrons are 
not primarily those between electrons, which are negligible, but those 
between the electrons and the fixed ions composing the crystal lattice. 

For classical particles, then, onc would be inclined to assume that 
this mean free path | was of the order of magnitude of the distance 
between lattice points, and practically independent of temperature. 
This conclusion is false. In order to estimate the value of | it is neces- 
sary to take full account of the quantum-mcchanical nature of the 
electronic states. 

The result of such a detailed calculation of the collisions made by the 
electrons shows that a perfectly periodic lattice of ions would cause no 
collisions. The collisions are due only to the displacement of the ions 
from their equilibrium positions by impurities and temperature motion. 
As a result one finds that J is inversely proportional to temperature. 
It turns out that / is approximately one hundred lattice distances at 
room temperature. For the present, equations will be derived in which 
the mean free path / enters as an entirely unknown parameter. 

The more exact calculations are complicated by the fact that the 
exclusion principle, which forbids more than one electron per cell, limits 
the possible results of the collisions between electrons and ions. The 
equations derived in this section, neglecting this effect, and making 
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some other simplifying assumptions, differ from those derived with the 
more rigorous method of section 16m in the numerical coefficients. 

The heat conductivity of a metal is enormously greater than that of 
a non-metallic crystal. For instance, the heat conductivity of silver in 
calories per square centimeter cross section with a temperature gradient 
of one degree per centimeter is about unity, whereas that of glass is 
about 2 x 107%. 

The heat conductivity of an insulator is due to the lattice vibrations, 
which of course also conduct some of the heat in metals. However, at 
least in the heavy metals, the contribution of the electrons to the heat 
conductivity is so much greater than that of the lattice that the latter 
may be entirely neglected. 

The equation for the heat conductivity « of a gas has already been 
derived in section 1} and is given in equation (1. 62) as 

1,NC,. 

(16. 60) k= Zh ae 

where Cy is the heat capacity and ¢ the average velocity of the particles 
composing the gas. This average velocity, in the case of the electron 
gas, is high, even at zero degrees absolute, and changes relatively little 
with temperature. The value of 9 at 7 = 0 will be calculated and used 
in (60). 

Since the kinetic energy of the electrons is }mv? = ¢, it follows that 
v = (2e/m)'/?, and the equation for the average velocity v is 
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Since the velocity v, of the particles at the top of the filled cells, whose 
energy iS uo, 18 given by 


Using (20’) that 


It 

= 
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one obtains 


one may write 
_ B8f2uo\'? 3 
(16. 61) v= (7) = qe 
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Using this, and equation (48) that Cy/N = (47/2) (k?7'/uo), one may 
write (60) for the heat conductivity « as 


16. 62 =—-———- 
( 4 V mz 


In section 16m it will be seen that the more rigorous derivation leads 
to the numerical factor +?/3 instead of the r?/4 given here. 

The electrical conductivity may be calculated under the simple 
assumptions that the electrons come to equilibrium in every collision 
and that they are statistically as well as mechanically independent. 
After a collision, then, the electron is assumed to start out with a kinetic 
energy, the probability of which is proportional to N(e), equation (25), 
but with its direction of motion completely random. We shall fix our 
attention on a large number of specified electrons all of which are 
assumed to make a collision at the time { = 0. Owing to their random 
directions of motion, their average x velocity, dx/dt, is zero, and the 
average value of their x coordinate remains constant with time. 

If these electrons are subjected to the force of an electric field &, in 
the zx direction, they experience an acceleration —e&/m along the 
z axis, which results in a change in the average value of the x coordinate 
with time. At the time ¢ after the collision the value of dz/dét will be 
— (&e/m)t, and the average value, dz/dt, of the x component of velocity, 
between t = 0 and t = fo, is —(Se/2m)lo. If to) 18 the time between 
collisions, then this expression will give the average velocity of the 
electrons in the field. Since t = l/v, one finds, for the current 
density I = —(N/V)e(dz/dt), the expression 

N el 2N e?l 


[_=-—- — pe aes 


— § 
V 2m 3V mv, 


with (61). The electrical conductivity, o = 7/6, is then 


(16. 63) C= 


The more exact derivation in section 16m results in this expression with- 
out the numerical factor 2/3. 
By division of (62) with (63), 


2 /1\2 
(16. 64) a x_(*) T 
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is obtained for the ratio of the heat to the electrical conductivity. The 
fact that this ratio is proportional to the temperature and independent 
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of the metal is known as the law of Wiedemann and Franz. Experi- 
mentally, the ratio is constant, for different metals at the same temper- 
ature, within about 15 per cent, and the average ratio agrees well with 
the numerical factor r”/3 derived in section 16m. 

The only temperature-dependent quantity entering equation (63) 
for the electrical conductivity o is the mean free path 1. For a strictly 
periodic potential, such as that caused by the ions of a perfect crystal 
at absolute zero, with all the ions in their exact equilibrium positions, 
the mean free path of the electrons would be infinite. Collisions of the 
electrons with the ions are due only to imperfections in the lattice. 
These imperfections arise from two causes: impurities in the crystal, 
and temperature motion. 

For the lattice without impurities, the interaction potential between 
ions and cleetrons 1s proportional to the amplitude of vibration of the 
ions, which, in turn, is proportional to 7’!/?, The number of collisions 
per unit time is proportional to the square of the interaction potential 
and therefore to T. The effect of impurities 1s to cause a constant, 
temperature-independent contribution to the number of collisions per 
unit time. The mean free path is inversely proportional to the number 
of collisions, so that 


(16. 65) ea 


The temperature-independent constant @ is highly dependent on the 
amount of impurity in the metal and, presumably, would be zero for a 
eompletely pure metal. 

As a result, using (65) for 2 in (63) for a, it is seen that the temperature 
dependence of the electrical conductivity is given as 


A 
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the resistivity, o7', is linear in the temperature. This is experimentally 
observed. 

At low temperatures, for which the lattice vibrations are quantized, 
the conclusion that the amplitudes of vibration vary with 7!/? is unjusti- 
fied and the temperature dependence of o is more complicated than that 
of (66). 

Although equation (66) leads to an infinite electrical conductivity for 
an absolutely pure metal at 7 = 0, this prediction is not in agreement 
with the observed superconductivity at extremely low temperatures. 
In the observed phenomenon, the conductivity increases discontinuously 
to infinity at a sharply defined temperature. Some metals do not 
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become superconducting at the lowest attainable temperatures. The 
observed superconductivity is presumably associated with an inter- 
action between the electrons, an effect which is neglected in the present 
theory. 


161. The Maxwell-Boltzmann Collision Equation and Its Application to 
Electrons in Metals 

In order to make a somewhat more realistic and more rigorous caleu- 
lation of the electrical and heat conductivity of metals, a method first 
employed for gases by Maxwell and Boltzmann will be used. 

If a temperature gradient or an electric field is applied to the metal, 
the electron gas is not in complete equilibrium. The distribution fune- 
tion g(Pr;Py,;P2,4,y,2), Which will be written simply g, giving the number 
of electrons per cell of momentum pz, p,, p, at the position z, y, 2, can no 
longer be assumed to have the form go = [e6&#/*" + 1]7! which was 
derived for complete equilibrium. However, one may determine the 
function g under the perturbing influence of the temperature gradient and 
the field by two conditions whieh it must fulfill. The first of these is 
that the function approach go as the field and temperature gradient 
become zero. The second condition is that the function g be independ- 
ent of time or, as it is usually stated, that the system is in a stationary 
state. If the distribution function g is known, the equations for the rate 
of transport of heat as kinetic energy, or of charge, through the metal, 
are determined in principle. 

The electrons in the metal are treated as a gas of mechanically inde- 
pendent particles; their statistical dependence due to the exclusion 
principle, that no two may occupy the same cell, will be taken explicitly 
into account. The mean free path [ enters into the equations derived 
as a certain definite integral. The actual evaluation of this integral, 
which determines the numcrical value of l, is a rather complicated quan- 
tum-mechanical problem which will not be attempted. It is in the 
evaluation of this mean free path that the essentially quantum nature of 
the interactions between the electrons and the ions of the lattice enters. 
In all other respects the description in terms of point particles of a 
classical nature is entirely adequate. 

It will be assumed that the electric field and the temperature gradient 
are both in the same direction, which may be chosen as parallel to the 
x axis. All properties of the metal, and also of the distribution func- 
tion, are constant for different y, z values at the same xz. g is then a 
function of x, but not of y and z. The distribution with respect to the 
momenta must be symmetrical in the y and z components, p, and p,, but 
not necessarily in pz. If the symbol p is used for the magnitude of 
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momentum, p = (p2 + p2 + p?)!/?, then g may be written as a function 
of x, p, and pz, g = g(%,p,pz). 

For sufficiently small fields g must approach go, the distribution func- 
tion in complete equilibrium. It will therefore be assumed that one 
may expand g as a power series in p,. At sufficiently small fields and 
temperature gradients it will be justifiable to retain only the linear 
term. We shall therefore attempt to express g in the form 


(16. 67) g(2,p,Pz) = go(z,p) + pzgi(z,p), 
where 

; 1 
(16. 68) Jo(z,p) = gw IET ON 1 


is the distribution function at equilibrium in which the dependence on x 
is taken into account by considering » and T as functions of the coordi- 
nate. 

Equation (67) is essentially an assumption, but it will be shown that g; 
can be so determined that (67) fulfills the condition of giving a stationary 
state, and that it becomes g = go when electric field and tempera- 
ture gradient are zero. It will not be proved that it is the only solu- 
tion. 

The condition for the stationary state is set up by considering all 
possible processes by which the distribution function is changed in time. 
The sum of all these changes due to different processes must be zero, 
but unlike the condition at true equilibrium, the change in g due to any 
one process and its inverse is not zcro. 

The individual effects which tend to create a change in the density of 
particles per cell, g, may be classified as three in number. 

The first effect is due to the motion of the electrons in the momentum 
range considered, with a velocity v, = p,/m along the x axis. In the 
time dt, particles from the coordinate position « — (p,/m) dt arrive at 
the position z, and those formerly at 7 have moved to a new coordinate. 
Since g is a function of z this tends to change the value of g at x. The 
change due to this effect is, per unit time, 


_ Pz 99 | 
m Ox 


The second effect is due to the acceleration by the electrical field & 
which decreases the + component of momentum (negative charge). In 
the time dt, electrons from the p, value of pz + e& di reach the range pz, 
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30 that this process contributes 


og 
e& -—— 
+ Op. 


to the change in g per unit time. 


It may be worth mentioning that these two changes of g will never bring about 
2 conflict with the Fermi statistics or the Pauli principle. If the density of the 
2Jectrons in the six-dimensional phase space (u-space) is, at some instance, such 
‘hat there are not more than two electrons in one cell of volume h’, the Liouville 
theorem guarantees that this density remains constant. 


The third process is that of collisions of the electrons with the lattice 
d0ints, which causes discontinuous transitions of momenta out of, and 
nto, the range considered. The change in g per unit time due to colli- 
sions which take particles out of the momentum region will be called 
—a, and that due to electrons entering the region will be indicated by b. 

One may write 


a 
(16. 69) pee ee ee 


1s the condition for the existence of a stationary state. The main task 
s the determination of the collision effects, a — b. 

A simplification which is always made consists in neglecting com- 
letely the collisions between electrons, which would be extremely hard 
o handle. Only collisions between the electrons and the ions of the 
‘rystal are considered. 

A further simplification which will be used here in determining a — b 
‘onsists in assuming that in a collision no energy is transferred from the 
‘lectron to the ion. The collisions are then clastic and change only the 
lirection, but not the magnitude, of the momentum of the electron. 
\ctually, the amount of energy transferred to an ion in an elastic colli- 
jon, determined by the condition of conservation of kinetic energy and 
inear momentum, is very small because of the enormous masses of the 
ons compared to that of the electrons. Only transitions between regions 
f equal magnitude of momentum p need be considered. 

The decrease in g() due to collisions which result in changing the 
nomentum vector to p” is proportional to the density g(p’) of electrons 
vith momentum 7, and to the number of unoccupied cells, 1 — g(p”), 
tp’. The proportionality factor will be called r33., so that the number 
f collisions of this specified type is given by 


a(p’) = r33g(P)L — g(p")]. 


404 DEGENERATE GASES [Sec. 161 


The increase in g(‘p’) due to those collisions which throw electrons of 
the momentum region jp” into the range 7 is proportional to g(p”), to 


1 — g(p), and to r32, 
b(p’) = rzeg(P Il — g(p)I. 


The twoconstants 73> and r32 must be equal. This can be deduced 
by considering the condition of complete equilibrium. Detailed reversi- 
bility will then prevail, that is, the rate of each process and its inverse 
will be equal. Atcompleteequilibrium, therefore, a(p)= b(p). g(>p), 
under those circumstances, reduces to go(p), a function of the magnitude 
of momentum p only. Since it was assumed that both r32 and r33. 
are zero unless the magnitudes of momenta p and p’ are equal, it follows 
that go(p) = go(p’), and therefore the condition a(p) = b(7p’) can be 
satisfied only if 

roe = Ze. 
We write, then, since 
o(P)I — g(P")] — oP — 9(P)] = (PR) — oP), 
that 
(16. 70) a(p’) — b(p’) = r3zlg(P) — g(p’)). 


The total change a — b of g(p), due to the collisions, is obtained by inte- 
grating (70) over all directions of the vector p’. If the metal is isotropic, 
the transition probability r33- will not depend on the orientation of the 
vector p in space, but only on the angle of deflection @ between the 
momentum vectors p and jp’. The orientation of p’, relative to 7, is 
then determined by this angle @ and by the angle ¢ between the plane 
common to p and jp’, and the plane common to 9 and the z direction. 
¢ is so chosen that when ¢ = 0 the direction of p” is closer to the x direc- 
tion than when @¢ = rr. 

The total change in g, per unit time, due to collisions, a — b, is the 
integral of a(p’) — b(p’), (70), multiplied by the volume element 
sin 6 dé do over these angles. 

Using equations (67) and (68), and remembering always that the 
magnitudes p and p’ are equal, one finds that 


g(p) — g(p’) = gilxp) (pe — pi). 
If y is the angle between 7p and pz, then 


Pc = pcosy 
and 
pz = pcos 6 cosy + p sin @ sin y cos ¢. 
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The interaction 73? will depend on p and on 9, but not on ¢, so that one 
may finally write 


x 2a 
a—-b= pores) f f r(p,@)[cos y — cos 6 cos y 
0 Yo 
— sin 6 sin y cos 4] sin 6 dé dd. 


Qn 


2r 
Since f cos ¢ dd = 0, dp = 2x, the integration over ¢ yields 
0 0 


(16. 71) a-b= pagi(ayp) f r(p,6){1 — cos 62x sin 6 dé. 
1) 


Now the main result of all this is simply that for a given magnitude of 
momentum p and coordinate x the value of a — b is proportional to 
P291(z,p). The proportionality constant, the definite integral in (71), 
depends only on the magnitude of momentum p. Since its dimensions 
are those of an inverse time, it may arbitrarily be written as v/l, where v 
is the magnitude of velocity, » = p/m, so that 

P 
(16. 72) a—b =— pg (2,p). 

ml 
The quantity / in this equation plays the part of the mean free path. Its 
dependence on the momentum p could be found only by a detailed inves- 
tigation of the collision process. However, it will turn out that only the 
value of I for the electrons of the highest filled levels, namely, those of 
energy € = y, enters into the final results. 

The fact that the quantity [, defined by the equation 

1 m™ {* : 
(16. 73) 7 opi 2rr(p,6)[1 — cos 6] sin 6 dé, 
may be interpreted as a mean free path is unessential for our purposes 
but will, nevertheless, be demonstrated here. 

The value of a for the equilibrium distribution go(p), 


migelp i= G6@N J "Qmr(p,0) sin 0 db, 


represents the decrease, per unit time, of the number go(p) of electrons 
per cell, due to collisions throwing electrons out of the momentum region 
p, and has the dimension time’. Since go(p) is a dimensionless quan- 
tity the integral has the dimensions f~', and since m/p has dimensions 
tl™!, the quantity | in (73) is seen to be a length. 
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The logarithmic decrease in go(p), a/go(p) is the probability per unit 
time that one electron of momentum p makes a collision. The dimen- 
sionless factor 1 — go(p) in this arises from the fact that some of the cells 
into which collisions should throw the electrons are already filled. If 
this factor is omitted, one obtains the probability, per unit time, of a 
collision in a beam of electrons, of momentum 7, if all cells of the same 
magnitude of momentum p but different directions are empty. 

If now, in addition, the collisions were weighted by multiplication 
with (1 — cos @), so that those for which the angle of deflection @ is 
small are not counted as full collisions, and those for which the deflec- 
tion 8 exceeds 90° are counted as more than full collisions, the integral 
obtained would be that occurring in (73). This integral, 


i =f 2rr(p,6)[1 — cos 6] sin 6 dé, 
0 


may be termed the probability per unit time of a collision, it being 
understood that all cells into which the particle may be deflected are 
empty, and that the collisions are weighted with 1 — cos 6 for the angle 
of deflection @. 7, then, represents the mean time between collisions, 
and vr = rp/m = I, the mean distance traveled between collisions. In 
this sense | is a mean free path. 

If equation (72) for a — b, the net effect of the collisions, is used in 
(69), which equates the total change of the function g with time to zero, 
one obtains 


p Pz 99(X,P,Dz) dg(2,p,P.) 
— gp) = — OE eg SO. 
In the right-hand side of this equation, in contrast to the left, the con- 
tribution from gy does not vanish. Consequently, since p,gi may be 
treated as a small additive term in g, this may be neglected and gg alone 
used. Using the fact that 
290 _ 990 9 OP _ Px 89o 
Op, d€ Op Oper mM de 


one obtains 


p Pz {990 #:) 
= gi(tjp) = —=(— - ee 2), 
p> ulep) P(e ce 


and it is seen that the right-hand side has the same form as the left one, 
namely p, times a function of p and «alone. This shows that the func- 
tion g of the desired form (67) is actually a solution of equation (69). 
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g; is determined by 


(16. 74) gi(z,p) = — — 
p 


l fo 0 
90 _ op | 
With (67) and (68) the distribution function becomes 


lax de | 


HI 


(16. 75) g(«,),Pz) = Jo — 
1 
go = (tH) [kT +] ° 


The chemical potential » and the temperature T in (68) are functions of 
the coordinate x. In general, the experimental conditions are such that 
we wish to take 7'(z) as the known function which determines g(z,p,p1). 
u(x) may be calculated in the usual way as u(7'), where T is given as a 
function of x. 

Carrying out the differentiation of go with respect to x, one finds, 


09o = d9o E € | 
dx Oe LT)3=OhrT”~—SsCé*OTT 


which, if inserted in (75), leads to the equation 


j _ Pr 990 =(4 = om) 
(16. 75°) g(t,p,Pz) = go — | p de | e& + T oT 


In the next section this equation will be used to calculate the trans- 
port of electricity through the metal under the influence of an electric 
field, which gives the electrical conductivity, and the transport of heat 
under the influence of a temperature gradient, which determines the heat 
conductivity. 


16m. Electrical and Heat Conductivity and the Thermoelectric Effect 
The density of the electric current, in the x direction, or the current 
per second through unit cross section, J, is obtained by summing the 
product of the charge —e by the component of velocity in the z direction, 
Vz = p/m, over all electrons within 1 cc. of the material. Since a 
volume range 1 and a momentum range dp, dp, dp, contains 2/h® cells, 


there are g(x,p,p~) dpz dp, dp, electrons in this volume and momen- 


tum range. The current density is given by this number, multiplied by 
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—ep:;/m, and integrated over all momenta. 
(16. 76) I ee ae SD Pxg(X,P,Pz) dpz dpy dp:. 


Equation (75’) is to be used for g, the number of electrons per cell. 
In order to calculate the pure electrical conductivity, the temperature is 
assumed constant, d7'/dx = 0, so that the only perturbing influence is 


that of the electric field. Since go is a symmetrical function in p,;, the 
+00 
integral P29o dp; = 0, and the first member of (75’) contributes 


— 00 
nothing to the integral (76). The first term in the second brackets alone 


2 2 
2 e°& Pp 0go 
l=--s =i! l= — dp, dp, dp, 


determines the current. 

The integration is first made over all directions of momentum with 
constant magnitude of p. The steps may be written by introducing the 
angle 6 between the direction of the momentum p and the zx axis, and by 
converting to 


p = V 2me 


p cos 8 = V 2me cos 0 


Pz 
2 


= dp, dp, dpz = 2rp* cos? 6 sin 6 dé dp 


4ame cos? 6 sin 6 dé de. 


This leads to 


8 
f=-—- ares le Pde f cos’ 6 sin 6 dé. 
0 


The integral over the angle 6 is %, so that one obtains 


167m © 090 
16. 77 =— ef eae 
( ) I 343 e é |. é 


Since dgo/de is negative everywhere, I is seen to be positive and propor- 
tional to &. 

The integration over the energy ¢ is performed by using the same trick 
em ployed in section 16g and limiting ourselves to the zeroth approxima- 
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tion. Since —dgo/de has a sharp maximum at e = yz, which is approxi- 
ie) 
mately ¢€ = uo; and f (dgo/de) de = go(%©) — go(0) = —1, one may 
0 


write 
foe) 
0 
-f eae ™~ louo, 
4) de 


where [9 is the mean free path of the electrons having the energy € = wo. 
Using this simplification for the integral in (77) one finds 
16am 


(16. 78) [= 373 e7& lou, 


or, by expressing 1/h® in terms of uo, (21), 


2 1/2 
(16. 78’) Peco 7 (2) 


m V 


The quantity (2u9/m)!/? is v,, the velocity of the electrons at the upper 
edge of the filled bands. Since the electrical conductivity ¢ 1s 7/8, one 
obtains 


I 
16. 79 Sh 
(16 ) o A 


The heat flow I, due to the electrons, is the kinetic energy ¢ carried by 
them along the z axis. This is the product v,e = p,e/m, integrated, for 
the electrons in unit volume, over all momenta, 


+00 
2 1 
(16. 80) r= 37 f f Dzx€g(X,p,pc) Apz py dps. 
—0o 


At first thought one is inclined to set & = 0 in (75’) to calculate the 
distribution function g for a temperature gradient d7'/dx and use this 
in (80) to determine the heat flow. However, under these conditions, 
& = 0, dT/dx = 0, a flow of electricity would take place, that is, the 
integral (76) for I would not be zero. Since the experimental condi- 
tions under which heat conductivity is determined are such that no 
electrical current can flow, it follows that the temperature gradient in 
the metal establishes an electric field. 

In order to calculate the heat transported under conditions of no 
electrical current, the field & is determined in such a way that I calcu- 
lated by (76) is zero for a given temperature gradient d7T'/dz. The 
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heat flow, l, of (80), is then calculated with the given d7T/dz and the 
field &. 

It is clear that under all conditions the contributions of the first term 
go in (75’) to both I and I are zero, since go is symmetrical in p,. The 
general equations 


(16. 81) 


—— 1 Pz 990 |, s- (5 € =) 
ia PLT p oe le de NPT ap) Pe au We 
and 
(16. 82) 


WE fff 5 5 etna 


are obtained for the current J and heat flow © under arbitrary field and 
temperature gradient dT'/dz. 
The abbreviation 


16 O 
(16. 83) epee ft 1? 29 de = VJ, 
0 


3h3 de 


will be used. With precisely the same considerations which were 
applied in the calculation of the electrical conductivity, leading from 
(76) to (77), equations (81) and (82) may be written as 


(16. 81’) p=[e% ~-2(E- 4) 45S, . 


da \T aT 
aT’ fu Ou 1 aT 

9! 1 = — od — ao ——a ey —F aa é 

is. 82): 4 | coe: (5 a) |v T dr Ja 


Setting the current J in (81’) equal to zero requires that the field & 
must be 


_ lat Jy , aT *) 
ae de dy. de (5 - aT 
If the field is now eliminated in (82’) by using (84) one obtains 
1 dT J3J, — Jo 
16. = —-—— 1? 
(16. 85) Ir T dz 7, 


The integrals J, must now be calculated. 
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To evaluate these integrals, the method developed in section 16g and 
summarized in equations (39) and (39’) is used. The application of 
this equation with F(e) = le’, d?"~"f(e)/de"—! = d?"F (e)/de*" leads to 


(16. 86) 
WT le” 
1, = ee = ane(— a —) | 


16mm 
Bh 


har + jae = (kT)? [v(v — 1)lu?? 4 Qo’! +a, 


where I, I’, l’’ signify the zeroth, first, and second derivative of J with 
respect to ¢€ ate = yu. 

Insertion of (86) in (85) shows that in the expression (JiJ3 — J3)/J1 
the contribution from the terms independent of 7' cancels. The part 
which is linear in the correction terms of (86) will therefore give the 
major contribution. One obtains 


Jy. J3 — RE _ 162° yn 


(AT)? Ip. 


J 9h 


The derivatives of | with respect to € also cancel in this expression. land 
pw may now be replaced by their values [9 and uo at absolute zero. Insert- 
ing this into (85), one obtains 


162° d To 


/ , a ear ; 
(16. 85’) P= ey lugh?T 


By again eliminating h? with the introduction of uo (21) this may also 
be written 


2>N1f(m\\?, dT 
16. 85” eae a( m) ep 
( oeed 3 V m\2uo "dx 


The heat conductivity « is defined as 
(16. 87) ees en 
| dT /dx 


so that, using (2u9/m)'/? = », as in the equation for the clectrical con- 
ductivity, 


2 
(16. 88) pee ees gi 


is obtained for the heat conductivity. 
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The ratio of heat to electrical conductivity, «/o, is found by dividing 
(88) with (79) to be 


(16. 89) *. =(*)r, 


Equations (81’) and (82’) contain, besides the electrical and heat 
conductivity, all the thermoelectric effects arising from electrical fields 
or currents and temperature gradients. These are notably the Thomson 
effect, namely, the reversible gencration of heat by electric currents in 
a metal in which temperature differences are sustained; the Peltier 
effect, namcly, the generation or absorption of heat by a current at the 
junction between two metals; and finally the potential in a thermo- 
couple, a chain of two metals in which the two junctions are kept at 
different temperatures. We wish to discuss here only the last effect. 

Equation (84) gives the field, at any place in the mctal, established 
by a temperature gradient if no current is allowed to flow. Between 
two places in the metal, say x; and ze, at which the temperature is 
T, and T2, respectively, there will be a difference of electrical potential 
$(22) — (x1) # 0. The electrical potential ¢@ in the metal, if meas- 
ured from zero in vacuum, is related to the potential energy —w of the 
electrons in the metal compared to vacuum, ed = u. This difference, 
(te) — $(21), is obtained by integrating the field —& from zx; to za, 
or, since & depends only on T and dT7'/dz, by integration over 7 from 
T; to Tz. One obtains 


2/9 Jo \aT 
o(T2) — oT) = f (* -£4 (2 )2 : 


™(/du 7) 
ae ee eae Ty, 
. (# T' TU, 
T» J2 
= p(T) — wT f ean 
u(T2) — w(T1) + . T Td, 


If, in the term under the integral sign, —J; and —J2 are replaced by 
their values (86), it is seen that the contribution from their temperature- 
independent terms cancels against —y/7. One has, then, to use the 
second terms in the approximation (86), and obtains 


(16. 90) elo(T2) — 4(T1)] 


2 To 1.2 , 
= ots) ~ 0) +f F704) ar, 
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From equation (43) for u(7') one sees that 
u(T2) — wW(T1) = -=— = (13 - Tt): 


In the integral, since l’ = dl/de is not expected to be very important, 
the main term consists of 


Te ,2m Tp j.2 x2 i? 
ol. — aT = =. f --T dT = en) 


One obtains then, roughly, 
re ke 


(16. 90’) el (T2) — o(T)] & as (12 — T2). 


The electrical potential ¢(T) is higher at the higher temperature. 
Since the potential energy of the electrons is —ed, the potential energy, 
compared to vacuum, is lower at the higher temperature. The value 
of uw, the chemical potential measured from the potential energy in the 
metal, is also lower at higher temperatures, and by about the same 
amount as the difference in potential energy. The absolute chemical 
potential, measured from vacuum, u(7') — e¢(T), decreases with 
temperature about twice as much as either u or —e¢ alone. 

The clectric potential difference between two ends of a wire of one 
kind of metal depends on the temperature difference between the ends, 
but not explicitly on the form of the potential gradient, d7'/dz, in the 
wire. If the two ends have the same temperature, there exists no 
potential difference, even if the temperature varies along the wire. 
Matters are different, however, if the wire consists of two different 
metals. 

Let us assume that we have a wire consisting of two kinds of metal, 
aandb. The two ends of the wire are of the metal b and both ends are 
at the same temperature 72. The middle portion of the wire consists 
of the metal a, one of the junctions between the two metals being kept 
at T., the other at the temperature 7,. This is a typical thermo- 
couple arrangement. The one junction between two different metals 
is in an oven at 7; the other junction is kept at room temperature, 7'2; 
and the two lead wires, both consisting of the same metal b, are attached 
to a potentiometer at room temperature T2. We wish to calculate the 
potential difference measured on the potentiometer, that is, the elec- 
trical potential difference between the two ends of the wire. The two 
free ends will be referred to as ends A and B, see Fig. 16. 2. 
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In this calculation, not only equation (90) must be considered, but 
also the behavior at the junction itself. According to the discussions 
in deriving the Volta potential (section 16j) at these junctions the po- 
tentials of the two metals adjust themselves in such a way that the 


free energies in both metals are equal; since the ua(T), u,(T) signify the 
T2 


T, T, 


Metal b Metal a Metal d 


Line of absolute 
chemical potential 


—ed(B) 
Negative 
Sharmostectie 
potential 

times é 


—e [¢(B)—$(A)] 


End A End B 


Line of potential energy,—e¢ 


Fic. 16. 2. Illustration of the thermoelectric potential. [It is to be noted that the 
potential energy of on electron is minus e times the electric potential.] 


chemical potential, or 1/N times the free energy, measured above the 
average potential energy for one electron in each metal, this means that 
Ma(T1), uy(T 1) at the junction are at the same absolute height. The 
same thing holds for ua(T2), u,(T2) at the other junction. This adjust- 
ment of the potential energy of the metals cancels precisely the con- 
tribution from the first term, u(T2) — u(T;), in (90). One is left with 


(16.91) (A) — o(B) 


2 jp T2 1 al, 1 / 
=~ =f | (1 +) - ~(1+%)} ar, 
3. €dr, Ha la Mp b 


If » and IJ are treated as temperature independent one obtains 


r- k2 uo i’ : 
(16. 91‘) (A) ~— ¢(B) = “4 (1 + atte) 
6 € | Hoa loa 


se (1 4 baste cng — 7? 2) 


lop 


16n. Liquid Helium II 

In the early sections of this chapter the photon gas was treated as 
an example of a degenerate gas obeying the Bose-Einstein equations. 
This gas is in one respect not typical of a true gas of material particles: 
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the total number of photons is not constant. The density of the photon 
gas is therefore completely determined by the temperature, and is not 
an additional variable, as in a material gas. For this reason the typical 
behavior of a degenerate chemical Bose-Einstein gas is rather different. 

As has been pointed out previously, the condition for a high degen- 
eracy is, in a given gas, that the density be high and the temperature 
low; and for different gases at the same molal volumes and temper- 
atures, that the masses of the particles be small. 

The two molecules Hz and He both consist of an even number of ele- 
mentary particles, neutrons, protons, and clectrons, and consequently 
form systems obeying the Bose-Einstein equations. The molecular 
weight of both is low, and they are in the gaseous state at low temper- 
atures and moderate densities. The forces between hydrogen mole- 
cules are stronger than those between helium atoms. In consequence, 
He boils at a higher temperature, 7’ = 20.3°K., and helium, with a 
boiling point of 4.2°K., in spite of the higher molecular weight, is more 
favorable for the observation of deviations from the classical behavior 
in the gaseous state. The predicted deviations, however, are of the 
same order of magnitude as those due to the molccular attractions, so 
that a clear example of an ideal degenerate Bose-Einstein gas is not 
obtained.* 

A perfect gas of particles with the weight of helium atoms, at the 
density of liquid helium, should be completely degenerate below about 
3°K. Actually, liquid helium undergoes a transition at 2.2°K. The 
low-temperature modification, called liquid helium II, seems to persist 
down to 0°K. The solid state is obtained only by applying pressures 
above 25 atmospheres, owing to the large zero point energy of the 
vibrations in the crystal. London} has shown that at least some of 
the anomalous properties of liquid helium II are those which would be 
expected in a completely degenerate Bose-Einstein gas. 

The type of degeneracy encountered in a Bose-Einstein gas is oppo- 
. site to that of the Fermi-Dirac gas. Instead of the zcro point energy 
of the latter, originating from the statistical repulsion of the molecules 
in phase space, the former is characterized by a statistical attraction in 
phase space, a tendency of the molecules to cluster into the same quan- 
tum state. The perfect Bose-Einstein gas therefore displays a phe- 
jnomenon analogous to condensation:{ there exists a condensation 
‘temperature 7’) below which a finite fraction of all the molecules exists 
tin the lowest one of the translational states. The heat capacity of the 


* George E. Uhlenbeck and Erich Beth, Physica, III, 729 (1936); IV, 915 (1937). 


t F. London, J. Phys. Chem., 48, 49 (1939). 
1 A. Einstein, Ber. Berl. Akad., 261 (1924), 3 (1925). 
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gas rises from zero at T = 0 proportional to T?/? and undergoes a dis- 
continuous change of slope at the condensation temperature. Below 
this temperature the existence of many molecules of exactly zero veloc- 
ity leads to strange behavior of the gas with respect to transport 
phenomena, viscosity, and the transport of heat. 

In the next section the behavior of the ideal Bose-Einstein gas at low 
temperatures will be calculated. It is clear, however, that in view of 
the non-existence of an adequate molecular theory of liquids the diffi- 
culties of correlating the behavior of an ideal gas with that of liquid 
helium are considerable. Nevertheless, it seems very sure that the 
predicted type of behavior of the ideal gas is related closely to the 
observed anomalies in the experimental behavior of liquid helium. 


160. The Degenerate Bose-Einstein Gas 
The distribution function, N/C, giving the number of molecules per 
cell of energy ¢e, in a Bose-Einstein system, is 


N 1 
(16. 92) a ear 
For a gas in a volume V, composed of molecules of mass m, with only 
one non-degenerate internal energy level, such as helium, the number 
of cells, C(e) Ae, in the energy range between ¢ and ¢« + Ae, is given by 
equation (5. 2) as 


2m\3!2 
(16. 93) Cie) Ae = 2xV (=) el/? Ae. 


The chemical potential 4 to be used in (92) is determined by inte- 
gration of (N/C)C(e) de over all energies, and equating the result to 
the known total number, JN, of particles. By this method, at high 
temperatures and low densities, for which —y/kT > 1, equation (6. 18), 
namely, 


QamkT \3!2 V 
(16. 94) — zal = In (=r ) Ne 
is obtained as the limiting classical approximation. From (94) it is 
seen that —u/kT decreases with decreasing temperature or volume. 
Since the equation is invalid as —u/kT becomes small, it is impossible 
to ascertain from (94) whether » tends to zero, or even to positive 
values, as T approaches zero. 

Equation (92), however, serves to answer this question partially. 
As uw decreases toward zero, the number, N/C, of molecules per cell in 
the cell of zero energy, e = 0, approaches infinity. If, however, u were 
to become positive, the ridiculous prediction of a negative number of 
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particles per cell would be obtained from (92) fore = 0. It is clear 
that » may become (practically) zero with decreasing V/N and T, in 
which event an appreciable fraction of all the particles will be in the 
cell of zero energy, but that u can never become negative. 

In order to calculate » without making use of the classical approxi- 
mation, the distribution function (92) is expanded as 


N 1 


l 


fo) 
> elma) kT 
= 


} 


The first term of this expansion is just the classical approximation, 
N/C = e#—9/FT_ The product of the expansion (92’) with C(e) de, 
(93), is integrated from e€ = 0 to e = ©, and equated to N. Remem- 


io @) 
bering that f gil@e—2 dy = q'/?/2, one finds 


0 
3/2 
QnV (=) “< elBIkT 1 /2o—le/kT de 
h? Qo l=l1 
QrmkT\3!2 2 ‘ 
os eee —3/2e/kT 
v( ‘2 zl e N. 
Using 
y 
16. 95 y= — 
(16, 95) 7 
for the volume per molecule, the equation determining » becomes 
16. 96 ee Ce 
oe) a oe (5) 


For very small values of the right-hand side of (96) only the first 
term, e“/*" of the sum in the left side need be used, and the classical 
approximation, equation (94), is obtained. 

The sum on the left-hand side of (96) converges for all negative values 
of », and for »=0. The latter solution, that » = 0, is obtained if 


16. 9 5 1-3 2 a 
aso Er a1 = 1(H 


This equation determines associated values, 79 of temperature, and v9 
of volume per molecule, for which the chemical potential u is zero. At 
lower temperatures and volumes than these we shall show that the gas 
condenses. This equation determines the condensation temperature 
To(v) at any given volume », or the condensation volume v9(7') at any 
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given temperature T, 


(16. 97’) To(v) = ( 


1 ) h 114.7 
2.6120) 2amk V23M’ 
1 ( h? ) 1 1227 


PY es = — ——_.. 
*0(T) = 5 619\anmaT No (MT)32 


In the expressions on the right M is molecular weight and V the volume 
per mole in cubic centimeters. 

At any volume, v, and temperature, 7, the ratio of v to the conden- 
sation volume for that temperature, 1/0, and the ratio of T?/? to the 
- condensation temperature raised to the 3/2 power for the volume 2», 
(T/T )*!”, are identical, 


/ a es v QrmkT\3!? 
16. 97”" | =| = = 2.612 ( ~ ) . 
Lol =r \ BP 


For a gas of the molecular weight of helium, M = 4, and at the den- 
sity of liquid helium, V = 27.6 cm.3, equation (97’) leads to Ty = 3.14°K. 
At the density of the gas, V = 345 em.” corresponding to the boiling 
point at 4.2°K., the value of 7 for helium is 0.79°K. (7'/7)°/? at the 
boiling point is then 12.3. 

Equation (96) appears to have no solution for uw if v < vg. It is 
obvious from a considcration of the original distribution function (92) 
that some error has been made in arriving at such a conclusion, since, 
as we have already found, as wu approaches zero the number of molecules 
per cell at zero energy approaches infinity. There can, consequently, 
be no fundamental difficulty in finding a solution with —y/kT' suffi- 
ciently close to zero for any density greater than 1/v). It is to be 
expected, then, that the correct solution is that » remains essentially 
zero for all temperatures or volumes below 7'p or vp. 

The error which led to the mathematical difficulty hes in the use of 
(93) for C(e) de at e = 0. Ce) Ae signifies the number of quantum 
states for one molecule the energy of which lies between e and e + Ae. 
If « is large, this number is well represented by the continuous function 
(93). But as e approaches zero the discreteness of the translational 
levels makes itself felt. The continuous function (93) gives no cells 
fore = 0. This error is completely negligible for v > vy, but for vol- 
umes less than vp the system has an appreciable fraction of all particles 
in the cell of lowest energy. London* has given a satisfactory mathe- 
matical treatment which will be omitted here. His result is that 


*F. London, Phys. Rev., 64, 948 (1938). 
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below vo the value of —y/kT is of the order of magnitude 1/N, which, 
for all practical purposes, may be taken as zero. 

For volumes less than vo, then, the chemical potential u is zero and 
independent of density. This jis just the thermodynamic criterion for 
condensation, that the free energy, F = Nu, shall be independent of 
density. Equation (97’) gives the relation between the saturated 
vapor volume, vo, per molecule, and the temperature. 

Equation (96) bears a striking resemblance to equation (14. 10) 
from which the conditions for condensation in a classical gas were 
deduced. ‘This analogy between the classical condensation and the 
condensation of the perfect Bose-Einstein gas was first remarked by 
Kahn and Uhlenbeck.* Equation (14. 10) is that 


= 1 
(16. 96’) p> 1b,Z' = 


in which the 0,’s are certain integrals having the dimensions of volume 
to the power 7 — 1, and Z 1s the density fugacity of the gas, or density 
of a perfect gas having the same chemical potential. Z is related to 
the chemical potential » by equation (13. 50): 


: 2 3/2 
(16. 98) Qnlkt = (<5) xX Z = 2.6127. 


Equation (96) may be brought precisely into the form (96’) by using 
for b; an expression which has the form of equation (14. 9), 


h? 
2amkT 
UT) = 1°7(2.61209)", by = 2.6120. 


3(l—1) /2 
(16. 99) by = f(T) by = ai | = [79/2 (2.6129), 


Using this with (98) in (96’), equation (96) is obtained. The resemblance 
is carried even to the power of 1 upon which f(?,7) here and in equation 
(14.9) depends. From equation (99) it is seen that f(,7) ~1I7-°/?. In the 
imperfect classical gas, the asymptotic dependence of f(1,7') on 1 is as 
(~*/2 if the sums }6,p* converge, which they do above the temperature 
Tm of disappearance of the meniscus. 

The condensation in the classical and Bose-Einstein gases are both 
given by bhbZ = 1. From (99) this occurs for the perfect Bose-Einstein 
gas when Z = 1/2.612v9, and, from (98), when » = 0. For values of 
v lower than vo, equation (96’) diverges. However, whereas for the 
classical imperfect gas the interactions leading to the coefficients }; 


* B. Kahn and G. E. Uhlenbeck, Physica, V, 399 (1938). 
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in (96’) are mechanical attractions between the particles, the perfect 
Bose-Einstein gas owes its condensation to the statistical attraction of 
the particles in phase space. 

For temperatures higher than 79 an approximate expansion for yp 
may be obtained from equation (96) or (96’). It is more convenient 
to use the form (96’) since the problem of obtaining an expansion for 
Z in powers of 1/v for this equation has already been solved in Chap- 
ter 138. We found there that, setting 


Q ag ag a4 
Lier a ey 
v9 ww yoy 


the solutions (see equations preceding 13. 36) 
a, = 1, 
ag = —2bg = —273!%bp, 
ag = 8b3 — 3bg = (47) — 3-9/2)bG, 


dy, = — 4003 + 30b2b3 — 4b, = 
(—5 x 9-9/2 +5x 9-3/2 4 3—3/2 = 2-3)p3 


are obtained for the coefficients. Using (99) for b, and (98) for z, one 
finds 


QemkT\3!2 
16. 1 m= BIRT ad 
nO) ( 1 ) : 2.61200 ° 
1 hn? \3/24 h? ; 1 
= — — (.; A ees naa O pales 
y f prema (5) por eee (5 y 
h? , 1 

— 0.005763 ta, 3 +: | 


1 Vo vo . 
=-— j1 — 0.92347 | — }] + 0.3926[ — 
v Vv v 


Vo : 
— 0.1027 (*) +:- | 


for » > vo, and 


QarmkT\3!2 1 
16. 100’ =(———-}  =-_—— 
ee a ( h? ) 2.612v9 


for v < 9. 

At one atmosphere pressure and 4.2°K., the boiling point of helium, 
the ratio v/vp is 12.3, so that the first correction term in (100) amounts 
to about 7.5 per cent under these conditions. 
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The development for » is obtained in the usual way by use of 
In (1+ 2) = 2 — 27/2 + 2°/3---, which, with (100), leads to 


2 \3/2 nz \3/24 
(16. 101) »p = kT {in ( : y" ae 0.36856 ( ) 7 
v 


2armkT 2rmkT v 


h? 3 1 2 9/2 1 
~ 0.00492 (<a aa) 2 — 0.00014 (=) =" | 
, 2 
= kT In 252) — ),9235 (“) — 0.0336 (2) 
v 2) v 
3 
— 0.0024 (") az, | 


for v > vo, and 
(16. 101’) w=0 


for v < vp. 
The energy may be evaluated in the usual manner, using the develop- 
ment (92’) as 


Qn 3/2 oe) e/2 de 
(16. 102) K = J "eG Cle) de = anv (7 =) J pew lkT _ y 


= WV (a) x duinr bl 2p —telkT de 
h t= 1 0 


3/ 
VET Se) f z p-5/2 hulk? 


3 
2 
3 
2 


NkT 5 Tt > 175/2¢ MulkT 


eo) 
since f 23!2e-* dg = 3x'/2/4, Thesum which occurs in this equation 
0 


may be evaluated for » > vo by using the development (100) for e#/*? 
and going through the direct but tedious algebraic steps. One finds 


1 5/2 dul kT Wm rh 8 h° yr 
ro = ae 
eee ae : (a) at erage (> v 


h? y4- h2 oa. ] 
0.00330 (5 MAT 0.000110 Gs kT i 


| 
= 2.612°2 ~ 0.4618 (‘) — 0.0225 (* “)) ~ 0.00196 (“*) -- + 
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for v > vq, and 


1°. @) oO 
(16. 103’) DL alee? = 5/2 = 1.341 
i=1 l=1 


for v < v9. 

The sum of the coefficients of the expression (103) must be such that, 
when v = vp, (103) becomes equal to 1.341. Actually the coefficients 
given lead to 1.342 at v = vo, which indicates the degree of convergence 
obtained. 

Using (103) and (103’) in the expression for the energy per mole, 
one obtains 


| ae ae 
16. 104 E = —~ RT '1 — 0.17678 : 
( ) Y : | re (7) 7 


h? \? 1 h? yr I 
— 0.00330 {| ———- -; — 0.000110 | ———— Qo 
ee (—,) ve (as ps J 


3 | sof 20 vo\’ 
= - RT \1 — 0.4618{ -- }] — 0.0225 ( — 
2 v v 


| 
— 0.00196 (“) ore | 


for v > vo, and 


3 QarmkT\3!2 3 1.341 T\ 3/2 
16. 104’) E =--1.341RT aes = -~+—— PT ( — 
( ) pene ( he ) 9" 9612 (=) 
3 T \3/2 
= —0.5134RT (| — 
59 51342 (=) 
for T < To. 


The heat capacity at constant volume, Cy, is obtained by differentiat- 
ing (104) with respect to 7, 


3 | h? \8/? 1 
16. 1 =-Rj\1+0. Se)! 
(16. 105) Cy a ® |! + 0.08839 (5) : 


2 


hn? Pi h? \9!? | 
.0066 {———— } = + 0.000: oe 
Vans (<a) pat eueee (sr) pt | 


Nem, acer? 


3 | Uo vo\? vy \° 
= 5 1! 4 0.2309 > + 0.04504 i a 0.00686 (* -+- , ee 
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for v > vo, and 


15 QamkT 15 T \3/2 
16. 105’) Cp = —1.341R So 34 
( nS Spe ( ie yi i R(x) 


= 1,925R (*), 
Vo 


for v < vo. The two expressions (105) and (105’) lead to the same 
value of Cy at 7’ = To. The heat capacity at constant volume, Cy, 
then, approaches the same value, 1.925R, which is 1.283 times the 
classical value of 3R/2, as the condensation temperature 7 is 
approached from higher or lower temperatures. The slopes, dC,/dT, 
however, are entirely different above and below 7'5. One finds, by 
differentiation, 


dy 3k . y 
(16. 106) TT 7° 34635 ~ at 0.135 ( +. 
for T > To, v > vy, and 
dCy _ 45 R v 
af ied on 
(16. 106°) ee — 0.5134 T ve 
for T < To. 


The entropy at 0°K. is zero, since all the molecules are in the lowest 
energy cell, and this configuration corresponds to only one quantum 
state of the system, Q = 1, S=kiInQ=0. S at higher temperature 


T 
may be calculated by integration of f (C,/T’) dT’. The integral 
0 


below 7'y is obtained from (105’) andisS(T) = (5/2)0.5134R(T/T5)?!2, 
T <7 , so that S(7o) = (5/2)0.5134R. The integral above 7 is 
obtained by using (105); one finds 


a 
S(T) — S(T») = a aT’ 
" : a. 2 ; "(ee 1 ) 
' i 2 1 1 


3/2 
=R ” + In (2) — 0.2309 (0) 
To v 
2 3 
— 0.0225 (“) ~ 0.0023 (“) ead 
Vv v J 
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By using 
T\3/2 QemkT\3!2 
Rin (=) = Rin (") » + Rin 2.612 
0 


QrmkT\3!2 
= Rn (a) » + 0.96012, 


the numerical constants, 0.9601 + 0.2557 + (5/2) 0.5134, add up to 
2.4995 or practically 2.5 = In e°/?, The equations for the entropy may 
3/2 
S=R fn (=) ye?!2 — 0.0884 (= 
5/2 
ve Vo Vo 
= — 0.2 — } — 0.0225 {| — 
R fn (=) 0.2309 () 0.022 (“) 


then be written as 
h? \? 1 
— 0.00333 (5 a) 2 — 0.00013 (= 
3 
— 0.0023 (“) errr 


(16. 107) 
24 
t 
9/2 4 
OnmkT QxrmkT) | 


eee, ae 


for v > Uo, and 


5 Qamk 3/2 

(16. 107’) = 5 141k (=F *) » 
5 T\e 5 p 
yee le 4 = — VU. : ess 
= 0,513 n (=) 5 0.5134R 


for v < vo. 

The rather unsatisfactory method by which the e°/?, which is the 
classical high-temperature approximation (see equation 6. 26), appears 
in the entropy as an apparently accidental relation between a sum of 
numbers is inherent in the approximative developments. 

An alternative calculation of the entropy may be made, in which the 
constant 2.5R appears in a less accidental way in the equation. We 
use equation (5. 8) 


(16. 108) S=kinQp = £| Ci (1 + 7) -+- N; In (y 4. 1) |, 
j C; Nj 
for the entropy of the Bose-Einstein system as a sum of the entropies 
of the different regions at equilibrium. In this expression, (93) for 
C(e) de is used and (92) for N;/C;, which results in In [(C;/N;) + 1] = 
(« — p)/kT, and In [1 + (N;/C;)] = —In [1 — e“—®/*7], The sums, 
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~AN;e; = E and DN,ju = F, are used to obtain 
(16. 108’) S = — * kC(e) In [1 — e#—0!*?) de + a - 


From the thermodynamic relationship 


F=E+PV—-TS, sat, 
it is seen that 
fo @) 
(16. 109) =~ = — J kC(e) In (1 — e#-9/4T} de, 


With (93) for C(e) and the development 


co 
—In [1 — e@-9/FT] = du /aT 
de 1 


one finds 


3/2 a foe) 
(16.110) PV= anver (= =) priem f el 2gtel kT de 
0 


= VkT Cat > ermal 
l=] 


By comparison with (102) one sees that 
(16. 110’) PV=2E 


for all temperatures. This relationship was also found for the Fermi- 
Dirac perfect gas. Using (110’) and (109) in (108’), one finds 


(16. 111) => 


If the expressions (101) for » = F/No and (104) for E are used in 
(111), (107) and (107’) are obtained for S. In this derivation the 
constant numerical term is seen to be exactly 2.5R = R In e°/?, 

The Helmholtz free energy A = E — TS is seen from (104) and (107) 
to be 


h? (ar a 
(16. 112) A= er {in C=, san) 3/3 


hr \9/? 1 h \P 1 
arene e— y 008 (Sek ait) i 7 


h2 9/2 1 
— 0,00003 (5) 5 | 
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2.612 2 
A = RT tn oe 2 — 0.4617 (*) — 0.0111 (*) 


— 0.00044 (2) —-:. 


QnmkT\3!2 
he? 


for v > vo, and 


(16. 112’) A= -1.341R7 ( 


T\3/2 y 
= (), sisaer (= x) = 0.5134AT — 
To Vo 


for v < Up. 
Equation (110’) for the pressure, PV = 2E/3, which, with (104) 
and (104’), leads to 


(16. 113) 
RT | h? \8/24 
1 — 8 _ 
= vo | al (<a) v 
h2 3 1 h2 9/2 1 
— 0.00330 ——— zoe 
(; “mm a) 3 eee (7) v° 


RT 2 \3 
— ATT _ oasis (*) ~ 0.0225 (°)’ — o.oo106 (%2) —..- 
V | v v v J 


for v > vp, and 


Vo 


(16. 113’) P = 1.341kT en “y= wh 


for v < v9, shows that the pressure drops to 0.5134 times the classical 
value before condensation begins. 
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AI. The Notation of Calculus 
If a quantity F depends on the value of a variable x, F is said to be a func- 
tion of z, and this 1s symbolized by writing 


(AI. 1) F = F(z). 
The total derivative of F with respect to x is the limit of the ratio of the 
increase of F to the increase in z, as the latter becomes vanishingly small, 
(AI, 2) OF = Tim (£49) — FON, 
dr — Az—>0 Az 


nm variables, x1,%2,°°*, Xn, are said to be independent if each of them may 
take any value, within a certain range, completely independently of the values 
of the others. If the quantity F depends on the values of the n independent 
variables it is said to be a function of these variables, 


(AI. 3) F = F(a,,22, +++, 0n). 
The partial derivative of F with respect to one of the variables z; is the limit 


of the ratio of the increment in F to that in 2, if all the other variables remain 
constant, 


OF (ai, +++) Fis ++) En) 


AI, 4 
| jee BE ee =F aes) 
= lim {—— oe "i 
Az,—>0 Ax; 


If z is a function of two independent variables x and y, z = 2(z,y), then any 
physical quantity F which is a function of + and y may also be written as a 
function of z and z or of y and z. Since the functional dependence of the quan- 
tity F on x and y is different from its dependence on x and 2, that is, the value 
of F is different when x = a, y = 6 than when z = a, z = b, the usual mathe- 
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matical nomenclature is to indicate this by choosing different symbols for the 
function of z, y and that of z, z. The notation for the quantity F 
(AI. 5) F = G(z,y) = H(z,z) 


may be used. 
In general, 


0G (x,y) - OH (x,2) 


(AI. 6) - ie 
but 
(AI. 7) AG (xy) _ OH (a2) | OH (x2) de(z,y) | 


Ox Ox Oz Ox 


In physics, and particularly in thermodynamics, it is convenient and cus- 
tomary to keep the same symbol for the same quantity, that is, in the case above 
the symbol F would be retained for the quantity F independently of whether 
it were thought of as a function of x and y or of xandz. The partial derivatives 
are then indicated by 


OG(a,y) _ (OF OH(z,z) _ (OF 
ahs) dc (=) dx (2) 


so that the symbol (OF /dx), means the ratio of the increment in the quantity F 
to that of x if the variable y is kept constant, whereas (OF /dx), is the ratio of 
the increments when the variable z is held constant. Equation (AI. 7) would 


then be written 


aF\ _ (aF OF\ (92) | 
(AL. 7’) (=) a (2 ), ss & ) (=) 


If the quantity F depends on n variables the partial derivative of F with 
respect to any one of them should, in this notation, be written with the other 
n — 1 variables outside of the brackets to indicate that they are held constant 
during the differentiation. Sometimes there are some of the n variables which 
are practically never replaced by others, as y was replaced by z above; these 
variables may be omitted from outside of the brackets. For instance, the 
thermodynamic quantity S, the entropy, depends on the energy E, the volume 
V, the number of molecules N; of kind 1, the number N2 of kind 2, etc. Whereas 
E is often eliminated by introduction of 7’, so that it is necessary to distinguish 
(OS /AV)z and (0S /dV)7, and similarly V is often replaced by P, the numbers 
of particles are practically always assumed to be held constant in such differ- 
entiation, and are usually omitted from the symbols outside of the brackets. 

If F depends on two independent variables z and y one may write for any 
change dz in x and dy in y, 


OF OF 
{jd a) dy: 
ar ~ (F244 
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If the change is such that dF is zero it is a change in x and a change in y at 
constant F, so that one obtains 


Ox 
(AI. 9) (=) = (28) P 


It may sometimes be convenient to write a quantity F explicitly as a func- 
tion of x and of y even if the quantity y is not independent of x but is itself a 
function of z, y = y(x). In this case the definition (AI. 4) may still be 
retained for the partial derivative of F with respect to z, in which y is thought 
of as a constant. Since, however, y is determined by the value of x, the quan- 
tity F depends only on the value of x, and has a total derivative with respect 
to x 


dF OF OF\ dy 

AI. 10 —- = { — yee) 
( dx (? ) - (# ; dx 

Essentially the same is the case that F is explicitly a function of n variables 
%1,°**, 2n, but each of the » variables is a function of only one independent 
variable t. ‘Then 

t=n 
(att ah ROR de, 
dt t=] Ox; dt 
If, in a sum of numbers, a+ 6-+c-+d---, the individual terms are num- 


bered by use of the notation a = a,b = ao, c = a3, the ith term being indi- 
cated by a;, the sum is usually indicated by the notation 


i=n 
(AI. 12) > a ee 


if n is the total number of terms. The running index i, which numbers the 
terms, may be essentially artificial, as suggested above, or may have a natural 
significance in the term. For instance, the individual terms of the sum may 
be simple functions of a variable x for integral values i of the variable, a, = f(x) 
at x =i. In this case the value of i for a given term is naturally defined, and 
possibly in such a way that the first term is not that with i = 1, but say with 
i=m. This is then indicated by the notation i = m, instead of i = 1, for the 
lower limit of the sum, below the summation symbol 2. 

If the sum contains an infinite number of terms this is indicated by the upper 
limit i = co above the summation symbol. The value of the sum is then 
determined and finite only if the individual terms approach zero in value suffi- 
ciently rapidly as the running index i increases (see the sections dealing with 
infinite series in any book on advanced calculus). 

The terms of a sum may be numbered, naturally, not by a single integer, but 
by a set of two or more integers. For instance, the terms may be a simple 
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function f(x,y,z) of three variables, z, y, and z, for integral values of these 
variables between zero and infinity. The terms may then be numbered by 
three subscript indices 


Ain = f(z,y,2) (at z = 1, y = j, 2 = k) 


and the sum written as 
Bis 
(AI. 13) Le ij 
j k =0 


The notation of equation (13) is obviously rather cumbersome and would 
become especially so if the set of numbers representing the running indices 
included more than three simple numbers. We may use the symbol n for the 
set of numbers i, j, k and simply write (13) as 


n= @ 
(AI. 13’) Dd an: 
n=0 
If the limits of summation are unambiguous from the description of the sum 
they ate frequently omitted in the writing of the equation. 
The symbol IT is used for a product in the same way that 2. is used for a sum: 


(AI. 14) Qy-02+++d,+++dn = TE a, 
i= 
It is clear that 
i=n i=n 
(AI. 15) In a = }' In aq. 
i=l i=1 


+00 1/2 
f ed = (=) = = 1.772 453. 
= a i 


+ 


+00 1/2 
f rhea" dy = 9 (Z)”, 
- 4a? \a 
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i~) 
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e 
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p= 

= 
or 
SZ 

A re 


—0 ~ Bae 
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AIlI. The Euler-Maclaurin Summation Formula 
The sum of a function of some variable j, for integral values of the variable, 
between two limits m and n, is symbolized by 


(AITI. 1) Es) = fim) +fim+1)+-+-+f(in—1)4+f(n). 


If the function f is definable for non-integral values of the variable, f(r), the 
sum may be approximated in terms of the integral of f(z) between the limits 
m and n and the values of the function and its derivatives at the two limits. 
The approximation formula is known as the Euler-Maclaurin summation 
formula. The symbol 


ad” 
(AIII. 2) fay = i) 
dz" /y=a 

is used for the rth derivative of the function at the value z = a. Then 

j=n n 1 
(AIT. 3) DO f f(z) de + Un) + $(n)] 

J=m m 

$5 (HIE fom) = pny HP] 
k>1 (2k) ! 


where the numbers By, are the Bernoulli numbers, B; = §, Bz = 4), Bs = qs, 
Bs = gy, Bs = 0°. 


Te 


Fig, AITT. 1. 


The first few terms of this development may be readily checked geometri- 
cally. In Fig. AIII. 1 a function, f(z), is plotted against z between the limits 
mand n. The integral is the area under the smooth curve. The values of the 
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function at integral values of the variable x are shown as perpendicular lines, 
so that the sum is the sum of the heights of these lines. Since the lines are unit 
distance apart the sum of the heights of all but the last, f(r), is given by the 
shaded area under the stepwise figure. If the points f(j) and f(7+ 1) are 
connected by straight lines, the areas under the triangles so formed above the 
steps form the first correction to the difference between the area of the step- 
wise figure and that under the smooth curve. The area of each triangle is 
$Uf(7) — f(j + 1)], and the sum of their areas is 4 [f(m) — f(n)], if account is 
taken of the fact that the triangles above the steps must be subtracted from the 
integral and those below must be added to the integral in order to approximate 
the sum. Adding the integrals, the areas of the triangles, and the last term of 
the sum, f(), one obtains the approximation (AIII. 3) up to the terms con- 
taining the derivatives. 

The correction of the first derivative can also be seen geometrically rather 
simply, but we shall omit the argument. 

If, however, it is assumed that a general equation like (AIII.3) can be 
obtained, that is, one which expresses the sum between two limits in terms of 
the integral between these limits, and the values of the function and its deriv- 
atives at the limits, then the coefficients of the first terms may be obtained 
readily by the consideration of a special case. 

The integral of the function e~** between zero and infinity is a~!. The value 
of the function and of all its derivatives at 2 = © is zero. The value of the 
function at x = 0 is unity, and of its rth derivative is (—a)’ at this value of z. 
The sum e~% from j = 0 to j = © can be summed in closed form and the 
expression expanded as a power series in a containing powers minus one, zero, 
and all positive powers. The coefficients of this series give the coefficients in 
(AITT. 3). 

The steps are simple enough algebraically. The quantity 1/(1 — e~*) can 
be seen to be the desired sum if the indicated division is carried out. The 
exponential e~* may be expanded in a power series in a, and the analytical 
expression obtained may be divided into unity, obtaining 


i= = 1 1 ee a | 1 
AIII. 4 af ee ee ee 
( ) wn Free at at 3" 70 
1 5 
T 30,240" 


The coefficients in (AIII. 4) agree with those in (AIII. 3). 


AIV. The Factorial and the Stirling Approximation 

The product of N factors, N-(N —1):(N —2)-(N —3):: 3-2-1 is 
called N factorial, and written N!. The convention is adopted that zero fac- 
torial is unity. The logarithm of N ! 


j az NV 
(AIV. 1) InNl= ¥§ Inj 
j=l 
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may be approximated by the Euler-Maclaurin summation formula (AITI). 
The integral of Inz is zInz— =z, and between the limits 1 and N gives 
NinN—N-+1. The value of the function at z = N is In N, and at x = 1 
is zero. The derivatives of In x are inverse powers of x, so that at the limit 
a2 = N the derivatives may all be neglected for large values of N. At z= 1 
the derivatives are independent of N. One obtains, 


(AIV. 2) InNix~NinN-—-N+4InN +¢, 


where c is a term containing a constant and inverse powers of N. The constant 
term in c is actually $ In 27, so that 


(AIV. 3) N 1 ~ Ne (24N)'I?2 
for large values of N. 


AV. The Volume of an N-dimensional Sphere 
In an N-dimensional space of coordinates x), 42,--- , tv, the part of the space 


for which 
ete tok ee tap Sr 


constitutes the inside of an N-dimensional sphere of radius r. The volume of 
this sphere is 
rN /2 


Vy = ami” i N even, 


and 
ON (N—-1) /2 (d Ns 
7 N! 


Using the Stirling approximation for the factorial, the asymptotic expression 
for In Vy is the same for both cases, 


N. /(2ner® 
In Vy on ( ) 


AVI. The Method of Undetermined Multipliers 
Suppose that one seeks the maximum (or minimum) value of a function F 
of N variables, 21, 22,---2y. This value will be determined by the condition 


that the variation 


N 
(AVI. 1) => — ity =0 


par] Oly 


Ay | 
2° for N odd. 


in F for any conceivable small variation 65x,---6zy of the variables shall 
be zero. This condition can be satisfied for all possible variations of the vari- 
ables only if every partial derivative is zero, 

OF 


(AVI. 2) — = 0. 
Or, 


434 APPENDIX [Sec. AVI 


Whether the extremum so found is a maximum or not must be determined by 
the values of the second derivatives. 

However, it may be that not all the variables x are independent, but that 
some condition 


where G is a function of all the z,’s, must be obeyed. 
One may then seek the maximum value of F, subject to the condition (8). 
In this case equation (1), that 6/ = 0, must still hold at the maximum, 
though not for al! arbitrary variations of the variables, but only for those which 
are such that the variation in G is zero, 
N y 
(AVI. 4) a7 = oC iy, =(); 


pol OLy 


so that equation (3) is maintained. One can, then, not conclude that equation 
(2) must hold. 

Since, for the allowed variations of the variables, the quantity 6G’, equation 
(4), is zero, and of course also 26G = O for any value of z, one may subtract 26G 
from (1), without altering its value, and obtain 


« 


Oy 


NV (OF 0G 
(AVI. 5) 6bF = (3 — 22) dry = 0. 
p= Oxy 
Equation (4) gives us one condition by means of which the variation 6z, of 
one of the variables 2, is determined if all the other variations 


6x1, ee 62-1, b2y+41, ee bxy 


are arbitrarily assigned, that is, the condition (3) may be maintained with any 
arbitrary variation in the values of N — 1 of the N variables. The numerical 
value of z may be so chosen that, if 0G /Or, is not zero, 


(AVI. 6) —-— 2z2— =0, 


and in the sum of (5) the wth term is zero whatever the variation in z, is. How- 
ever, the sum over the other N — 1 terms must be zero if F is to be a maximum, 
and since all conceivable variations of the N — 1 terms are consistent with (4), 
one finds that, for all values of v, 


(AVI. 7) ——2z-—-=0. 


This is a necessary condition for the position of the maximum of F subject to 
condition (4) that G be held constant. The numerical value of z must be 
determined in such a way that the function G has the particular value zero if 
condition (3) is to be obeyed. 
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are simple expressions. From (1), 


1 P Mi 
AVIII. 2 dS = Lae+ av — “an, 
( ) T + T T 
or 
(AVIIL. 3) dE = TdS — PdV + ,4N,, 


OE OK OE 
Mia) 1) oe (2) ane (22). Su, 
& ) VN, (5 7) S.N, f= ; te? 


The heat content H, which is sometimes called enthalpy, especially if meas- 
ured in B.t.u. units, is defined as 


(AVIII. 5) H=E+PV, dH=dE+PdV+VeéP, 


OH OH OH 
Aves) |) Se, 122) eee ZY pee. 
& Da & ) SN, & ) ‘ 


The work function A is also called the Helmholtz free energy, or the free 
energy at constant volume; it is defined as 


(AVIII. 7) A=EH-TS, dA=dK—TdS — SdT. 


0A 0A 0A 
avis) (2). ees. (22). cep (22). oy, 
\ ey) VN; x (24 ). V - 


The free energy F’, also known as the Gibbs free energy, or free energy at 
constant pressure, is 


(AVITI. 9) F=A+PV=H —TS, 
dF = —SdT — VdaP + p,dN,, 


OF oF OF 
VIII. 10 ey) ee, “oe ae sia 
= (=). Fah (Fi ” 


The heat capacities, Cy at constant volume, and Cp at constant pressure, 
are defined as 


acur 11) Cy = (=) 3. Mist (7) 
V P 


Certain relationships, 


oT dP 
e = te = Tee f 4 3 
(AVIIL 12) (2). (2 =), rom (4) 


2 
(AVIII. 13) Mi = ( = (=) from (6), 
S 0S P 1 
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2 
(AVIII. 14) koe = — (3) =— (= from (8), 
OVOT OV /r OT Jy 
and 
2 
(AVITT. 15) ae = — (= = (7 from (10), 
OPOT OP/r OT] p 
are sometimes useful. 
The relationship 
aV\? faVv\" 
AVIII. 16 Cp — Cy = —T{— — 
( ) P v ( F a ( 5 r), 


is proved in section 11c. 
Bold-face type, S, V, E, H, F, A, Cp, Cy, is used in this book for the extensive 
thermodynamic properties per mole of material. 


AIX. Summary of Thermodynamic Functions of a Perfect Gas 
For a perfect gas, any extensive thermodynamic property X may be written 
as a sum of terms, 


(AIX. 1) X = X + Xi, 


where X; gives the contribution to X of the translational motion of the center 
of mass of the molecules, and X, the contribution of the internal degrees of 
freedom. X; is zero for an ideal monatomic gas, defined as one for which only 
one internal quantum state exists. To within varying degrees of accuracy, Xi 
may be written as a sum of terms due to the different internal degrees of freedom 
in the molecule. 
(a) The Translational Contribution, Xy, per mole 

The symbols used are: P, V, T, pressure, volume per mole, and tempera- 
ture; k, the Boltzmann constant, 1.3804 < 10-'® erg /deg.; R = Nok, with 
No Avogadro’s number; m is the mass per molecule, and M the molecular weight. 
The thermodynamic functions are defined in AVIII. 


h? \3/2 Ny 
AIX, 2 F, = RT! a 
ean (5) Vv 


2 3/2 
= RT In (*;) ta 


2rmkT kT 
= RT(—$In M — 31nT —InV + Kpy) 
= RT(—$lnM — $lnT + In P+ Krp), 
h2 3/2 No 1 
—) Ve 
h? y" PA 


(AIX. 3) A, = RT'In ( 


QrmkT) kT e 
= RT(—31lnM — $InT —1InV + Kay) 
= RT(—$lnM — $1nT74+ InP + Kap), 


= Rr ( 
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i 3/2 
(AIX. 4) S, = Rin (=) ~ 


5/2 
—€ 
h? No 


QarmkT \3!2 kT 
= Rin( h2 ) ie 
= R§lnM+$iInT + InV + Koy) 
Rg@inM+énT—InP+ Ksp), 


ll 


(AIX. 5) H, = $RT, 
(AIX. 6) E, = $RT, 
(AIX. 7) Cp, = éR, 
(AIX. 8) Cry = $R. 
TABLE AIX. 1 
In z = 2.302 59 logiox 
Quantity Joules/Mole Deg. Cal./Mole Deg. 
R 8.3136 1.9864 
IR in x 9.5714 logio x 2.2869 logio z 
Rinz 19. 1428 logio z 4.5738 logio x 
$Rinz 28.7142 logio x 6.8607 logio z 
2R In xz 38.2856 logio x 9.1476 logio z 
sRinz 47.8570 logio x 11.4345 login z 
TABLE AIX. 2 
1 atmosphere = 760mm. = 1.013 249 baryes. 
Value of R X Constant | R < Constant 
Constant Units Constant |joules/moledeg.| cal./mole deg. 
Kry V ce. 8.064 67.042 16.019 
Kry V_siiters 1.156 9.611 2.296 
Krp P atm. 3.657 30.403 7.264 
Krp P mm. —2.976 —24.741 —5.912 
Krp P_baryes 3.644 30.295 7.238 
Kav V ce. 7.064 58.727 14.032 
Kay V_siiters 0.156 1.297 0.310 
Kap P atm. 2.657 22.089 5.278 
Kap P mm. —3.976 —33.055 —7.898 
Kap P_baryes 2.644 21.981 5.252 
Ksvy Vi ce. —5.564 —46.257 —11.052 
Ksv V_iiters 1.343 11.165 2.668 
Kgp P atm. —1.157 —9.619 —2.298 
Kgp P mm. 5.476 45.525 10.878 
Ksp Pbaryes —1.144 —9.511 —2.272 
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(b) The Internal Contribution, X,, per mole 
The internal partition function per molecule, Q,, is defined by 
(AIX. 9) Qi = Lie ttt, 
al! internal quantum states i 


where « is the energy of the state. The energy of the lowest state is usually 
taken to be zero, in which case the energy E is zero at O°K. The sum goes over 
all non-degenerate states, so that the exponential of a level of degeneracy g, con- 
sisting of g states, must be multiplied by g. Then 


(AIX. 10) F, = Ay = —RTInQ, 


(AIX. 11) S= R— (TinQ) = RT —nQ + Bing, 


(AIX. 12) H, = E; = RT In Qi 


oe €j e-a/kT 
are 
(AIX. 13) Cpy=Hc rimrstwna 
sail ian) ey aa, 


-R(orFna+r 77 in i) 


~# [G2 (Bg) om - (Gree) | 


1 € ej \? 
= R— tL) ec eaitep ser, 
Q? 2 x (“ ss) : 


These equations are perfectly general for all perfect gases. For many mole- 
cules the progression of the energies ¢ of the quantum states approximately 
obeys one of several simple equations, and for these types of molecules the 
summations may be performed analytically. 


(c) General Contributions to X; 
The contribution due to nuclear spin of magnitude 8,, per gram atom of ele- 
ment, is 


(AIX. 14) F spin = Aspin = — RT In (28, + 1), 
(AIX. 15) Sspin = Rin (2s, + 1), 
(AIX. 16) Hepin = Espin = Cp spin = Cy spin = 0. 


These equations hold for all monatomic gases, and for all di- and polyatomic 
gases for which the rotational contributions are given by the classical approxi- 
mations, that is, at high temperatures. In practice only hydrogen and some 
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hydrogen derivatives at low temperatures form exceptions. These contribu- 
tions, since they cancel out in all differences of free energy or entropy, for which 
the gram atoms of element are naturally constant, are usually neglected. The 
same statements apply for the contributions due to isotope mixing which follow. 

If n; is the fraction of isotopes j, and if the difference in masses of the isotopes 
is neglected, so that the only effect of their presence is the non-identity of atoms 
of different isotopes, then, per gram atom of element, 


(AIX. 17) F mixing = A mixing = RT Yo nj ln nj, 
J 
(AIX. 18) Ss mixing ~ —R >a Ny; In 13; 
Jj 


(AIX. 19) H mixing = E mixing = Cp mixing = Cy mixing ~*~ 0. 


(d) X; for Monatomic Gases 

The general equations (9) to (13) may be used with « the energy of the vari- 
ous spectroscopic terms. If the term value w is given in cm.~, multiplication 
by 1.4390 gives « /k, and by 0.6249 gives « /2.3026 k, so that e~*i/*” is antilogio 
(—0.6249w /T’). Usually very few, and often only the lowest term for which 
é; = 0, contribute appreciably. The degeneracy of a term is 2j + 1, so that 
the exponential of a given term must be multiplied by 2j + 1, the number of 
quantum states of that energy. The quantum number j is the quantum num- 
ber of total angular momentum and is the lower right-hand subscript in the 
usual term notation. 

If only the lowest term contributes, the equations for X, become those of 
(14) to (16) with j for the lowest term replacing the spin 8p. 


(e) X; for Diatomic Gases 

Diatomic gases with a single lowest electronic state having no electronic angu- 
lar momentum, and for which the energy of the first excited electronic level is 
high compared to kT’, have energy levels due to molecular vibration and rotation 
which are often represented fairly well by the equation 

2 
(AIX. 20) (vj) = viv +5G+) 
817] 

Equation (20) gives the energy above that of the lowest quantum state. The 
degeneracy of each level is 2j + 1. The quantum numbers v and j take only 
integral values. v is the natural frequency in sec.~', J the moment of inertia, 
I = pri, with » the reduced mass, p = mm2/(m + me), and ro the equilibrium 
separation of the atoms in the molecule. 

Usually w and B, both of dimensions cm.~', are tabulated instead of v and J, 


(AIX. 21) goes : , 


(AIX. 22) B=-——-» 
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If equation (20) is valid, Q; is a product of factors, Q, and Qjm, and X; a sum 
of terms, X, -+ Xjm- 


Vibration. One defines 
(AIX, 23) “=—-=—=—e 
The numcrical conversion factors are given in the following table. 


TABLE AIX. 3 


+ en ee nee any a res at ee 


ee ne te tee — —- 


Given 6 | 9/2.30259 7 Rine 


7 
er ee Stee eee 
| 


7.245 xX 10! Ay: 3.146 K 10! by | 72.542 + 4 5738 logio hy 


hv erg/molec. 


hy e.volts ; 1.1606 x 1 10‘ hy ' 5.040 X 10° hy 18.591 + 4.5738 logio Av 
»v sec. ! 4. 8000 x 1071! »' 2.085 K 1071!» | —47 196 + 4.5738 logio» 
w em. ! iA. 4390w | 0.6249w 0.723 + 4.5738 logig w 


meer ee Ne alas ae ee -_———— eee - eee ee ee e = rs ee 


The general equations for the vibrational contribution are 


(AIX. 24) Q = (1-—e*)4, 

(AIX. 25) F, =A,= RT in (1 — €”%), 

(AIX. 26) S, = Ri[u(e* — 1) — In (1 — e7*)], 
(AIX. 27) H, = E, = RTu(e* — 1), 

(AIX. 28) Cp, = Cy, = Rute“(e® — 1). 


If wis small, one may develop e* = 1 + u+ 4u? +--- and obtain 


u u's 
_ OB! ~= A, = ART (1 pies Sos 
(AIX. 25’) F R ( nu a 34 2880 + ) ’ 


u' 
( ) R (1 - nu +5 aan +: ) 


uw us 
AIX. 27’ H, = E, — RT ee —_— ooe 
(,-% 2 +737 7207 ) 


AIX. 28’) Cp, = Cy, = wy, 
( ) P "4 n(i-* a ) 


For values of u as great as u = 5 the following are valid to one per cent, and 
better at higher values of wu, 


(AIX. 25’) F, =A, = —RTe™, 

(AIX. 26”) S, = Rut le, 

(AIX. 27”) H, =E, = Nohve = RTue, 
(AIX. 28’) Cp, = Cy, = Rute. 


In Table AIX. 4 the values of the functions for various values of u = @/T are 
given. 
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TABLE AIX. 4 
THERMODYNAMIC FUNCTIONS OF A MONOCHROMATIC OSCILLATOR 


(For values of u = 0/T = hv/kT for which extrapolations of certain functions are 
inaccurate more easily extrapolated functions are given, i. (F/RT) +1nu and 


(S/R) + 1n wu.) 


| r 
“ E | ¢ F | 
mes er | asl & as| ~ee | -%, | S 
| _ = ‘ = RT | = 
hy = u on ure Au = —In ans! | R re een 
oF | ev —1 (e* — 1)? (1 —-e-")] | 
i 2 2a 3 3a 4 Ay 5 Sa 
0.001 0 9995 ; 1.0000 6 9083 | 0.0005 | 7.9078 | 1 0000 
0.5 
0.005 | 0 9975 1.0000 5.3008 | 0.0025 | 6 2983 | 1.0000 
| 0.50 
0.010 0 9950 1.0000 4.6102 | 0.0050 } 5.6052 | 1.0000 
| 0.49 0 00 | 
0.050 | 0.9752 i 0 9998 3.0206 | 0 0249 | 3.9957 | 1.0001 
| .49 0.01 | 
0.10 | 0.9508 aoe 0.9992 2 3522 | 0.0496 | 3.3030 | 1.0004 
0.02 | 
0.15 | 0.9269 ; 0 9981 1.9711 | 0.0740 | 2.8981 | 1.0010 
0.4 0 03 | 
0.20 | 0 9033 0.9967 1.7077 | 0.0983 | 2.6111 | 1.0017 
| 0.46 0.04 | 
0.25 | 0 8802 0.9948 1.5087 | 0 1224 | 2.3889 | 1.0026 
| 0.45 0.04 | 
0.30 | 0 8575 : 0.9925 1.3502 | 0.1462 | 2 2078 | 1.0038 
0.4 0 05 | 
0.35 | 0.8352) | 0,9898 1 2197 | 0.1699 : 2 0549 | 1.0051 
0.44 | 0 06 
0 40 0 8133 ; 0 9868 1.1096 | 0 1933 : 1.9230 | 1.0067 
| 0 43 0 07 
0.45 | 0 7919 0.9832 : 1.0150 | 0 2165 | 1.8070 | 1.0085 
| 00 | 
0.50 | 0.7707 0.9794 0.9327 | 0.2396 | 1.7035 | 1.0104 
} | 0.4 0.08 = 77.7 (Oe 
0.55 | 0.7501 0.9752 0.8602 |— 4/74") 1.6104 | 1.0126 
| 0 | 0.09 | 1.29 | 
0.60 | 0.7295 | 0.9705 | 0.7958 | 1.5257 | 1.0149 
| 0.39 | 0.10 1.15 | 
0.65 | 0.7100 mse | 0.9655 a 0.7383 a 1.4482 | 1.0174 
| 3 10 | 1.04 | 
0.70 | 0.6905 | | 0 9602 | 0.6864 ; | 1.3769 | 1.0202 
| 38 | 0.11 | 0.94 | 
0.75 |} 0.6715 | 0.9544 | 0 6393 1.3109 | 1.0232 
: 0.37 | 0.12 | 0 85 Te 
0.80 | 0.6528 | 0.9484 | 0.5965 1.2494 
: 0.36 | 0.13 | 0.78 1.15 
0.85 | 0.6345 | 0.9420 | 0 5576 1.1920 
| 0.35 | 0.13 0.71 | 1.07 
0.90 | 0.6166 | 0.9353 | 0.5218 | 1.1385 
| 0.35 | 0.14 | 0.655 | 1.01 
0.95 | 0.5991 | 0.9282 | 0.4890 | 1.0881 
| 0.34 | 0.15 | 0.60 0.95 
1.00 | 0.5820 | 0.9207 | 0.4587 | 1.0406 
! 0.34 | 0.15 | 0.56 0.89 
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TABLE AIX. 4— Continued 


| = Laos 

R Af RT ma bf = 4f 

: | ures 4u | =[—In Au Au 

| (e* — 1)? i (1 —e-*)) 

| : 

| ; 3 3a f 4 4a 5a 

| 0.5652 | 0.9130 | 0.4307 0.9959 

| : 0.16 | 0.52 0.84 

| 0.5489 | 0.9050 | 0.4047 | 0.9536 

| 2 0.16 | 0.48 | 0.80 

| 0 5329 | 0.8967 | 0.3807 | 0.9136 

| 0.17 | 0.45 | 0.76 

| 0.5172 | 0.8882 | 0.3584 | 0.8756 

! | 0.17] 0.415 0.72 

| 0.5019 | 0.8795 | 0.3376 0.8395 

! | 0.18 | 0.39 | 0.68 

| 0.4870 | 0.8706 | 0.3182 | 0.8052 

| | 0.18 | 0.36 | 0.65 

| 0.4725 | 0.8613 | 0.3001 | 0.7726 

| | 0.19 | 0.34 | 0.62 
0 4582 | 0.8516 | 0.2831 | 0.7413 

| | 0.20 | 0.31 | 0.59 

| 0.4444 | 0.8417 | 0.2673 | 0.7117 

| | 0.20 | 0.29 | 0.57 

| 0.4308 | 0.8318 | 0.2525 | 0.6833 

| | 0.20 | 0.28 | 0.54 

| 0.4176 0.8218 | 0.2386 | 0.6562 

: | 0.20 | 0.26 | 0.52 

| 0.4048 | 0.8115 | 0.2255 | 0.6303 

! | 0.21 | 0.24 | 0.49 

| 0.3922 | 0.8010 | 0.2133 | 0.6055 

| | 0.21 | 0.23 | 0.47 

| 0.3800 | 0.7903 | 0.2017 | 0.5817 

: | 0.21 | 0.22 | 0.46 

| 0.3681 | 0.7796 | 0.1909 | 0.5587 

: | 0.21 | 0.20 | 0.44 

| 0.3564 | 0.7688 | 0.1807 | 0.5368 

: | 0.22 0.19 | 0.42 

| 0.3451 | 0.7578 0.1711 | 0.5159 

| ! 0.22 | 0.18 0.40 

| 0 3342 | 0.7467 0.1620 | 0.4960 

| : 0.22 | 0.17 | 0.38 

| 0.3235 | 0.7354 | 0. 1535 0.4770 

| 3 0.22 | 0.16 | 0.37 

| 0.3130 | 0.7241 | 0.1454 | 0.4584 

| 0.23 | 0.15 0.35 

| 0.2931 | 0.7013 | 0.1303 | 0.4234 

| , 0.23 | 0.13 | 0.32 

| 0.2743 | 0.6783 0.1172 0.3915 

! | 0.23 0.12 0.30 

| 0.2565 | 0.6553 | 0. 1054 0.3619 

. : | 0.23 | 0.11 0.27 

| 0.2397 | 0.6320 | 0.0948 | 0.3346 

! 0.23 0.10 0.25 

| 0.2236 | 0.6089 | 0.0854 0.3092 

| : 0.23 0.09 | 0.24 

| 0.2085 | 0.5859 0.0769 0.2855 

| | 0.23 | 0.08 0.22 


| 0.1944 | 0.5630 0.0692 0.2637 


— 
Riz le = 
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Rotation. One defines 

(ATX. 29) ¢= — = a 

so that numerically if J is measured in c.g.s. units. 


B 1 
= 1,4390 — = 39.598 x 10-49 — 
T i IT 
and 


Ring = 0.723 + 4.5738 loge 


= 7.308 — 4.5738 logio (I X 10°T), 
in calories. 
Then, the contribution of the rotational levels j, as a factor to the internal 
partition function per molecule, is 


(AIX. 30) Qim = DL (2j + 1)eSItYe 
j21 


For molecules composed of two different atoms of different elements, j takes all 
integral values, and for this case, 


(AIX. 31) Qjme = 1 + 377% + 5e-®? + Te!" (0.1% accuracy for ¢ 2 0.7) 


-2(1+8 += arr + ) (0.1%, o S 0.7). 


(AIX. 32)  Fymt = Ajme = — RT INQ. 


jmt 


OPT ies ow (0.2%, « < 0.7) 
3. 90 = 2835 Te tee, eee: 


(AIX. 33) Sjmt = R| i Q mat a oe 


o 86160 
Plt 20g get oe 0.2%, « < 0.7). 
- ( ne 90 son) O2 pie ) 


(AIX. 34) Hymn: = Eine = RT (6e-2* + 30e-87 +. 84e—#27) (0.1%, 2 0.7) 


jmft 


2 3 
= RT (1 ey pee are =) (0.2%, « < 0.7). 
oO 


2 
(AIX. 35) Crim: = Crime = FR (=) 12e-77 (1 + 15e~47 + 200” 


jmt 2 


+ 84e-107 4. 175¢-!2o 4. 105e-187) (0.2%, « = 0.65) 


160° 
l+e _ + ees % < A 


Eq. AIX. 38] APPENDIX 449 


At high temperatures, small values of o, the equations approach the classical 
values, 


(AIX. 32’) Fimt = Ajmt = RT Ino, 
(AIX. 337) Sine = R(1 — Ino), 
(AIX. 34’) Himt = Eymt = RT, 
(AIX. 35’) Crimt = Crime = ZR. 


For elements in which the two atoms of the molecule are identical, j in (30) 
takes only even or only odd values. Which of the two it takes depends on the 
atomic weight and mutual nuclear spin of the atoms, as well as upon some 
other factors. At high temperatures, for which (32’) to (35’) are valid, this 
has only the effect of adding a term due to the symmetry of the molecule, 
Xsym. to the thermodynamic function X. These additive contributions for 
diatomic elements are 


(AIX. 36) Faym. aoe Agym. = RT In 2, 
(AIX. 37) Ssym. = —kln 2, 
(AIX. 38) Hgym. = Esym. = C psym. = Crsym. = 0. 


Since o is small above the boiling point for all diatomic elements except He, 
the classical equations (82’) to (85’) plus the symmetry terms (86) to (38) 
usually suffice. It is also only for these cases of small o values that the nuclear 
spin and isotope mixing terms are given for an element by equations (14) to (19). 

It is practically only for He that the detailed summations of (30) with only 
odd and only even j values are of interest. [quations for this case are given 
in section 7b. Values of the functions for various values of o are given in 
Table AIX. 5 for the case that the sum goes over all values of j, and in Tables 
ATX. 5a and AIX. 5b, respectively, for the cases that only even and only odd 
j’s occur. 
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TABLE AIX, 5 


Rotator Functions ror Draromic MOLECULES 
with Two DirrerRent ATOMS 
(All j values allowed) 


Bho 
kT = 8x IkT 


o 


In Qimt Tin Vimt Cime 
g Qimt aT R 
is —Fjymi/RT = Ejm:/RT 

0.02 50. 0067 3.9187 0.9933 1.0000 
0.04 25,0134 3.2322 0.9866 1.0000 
0.06 16.6869 2.8334 0.9799 1.0001 
0.08 12.6271 2.5525 0.9732 1.0002 
0.10 10.0508 2.3360 0.9664 1.0002 
0.15 6.7432 1.9475 0.9495 1.0006 
0.20 5.3476 1.6766 0.9324 1.0010 
0.25 4.3508 1.4704 0.9151 1.0016 
0.30 3.6883 1.3052 0.8976 1.0025 
0.35 3.2155 1.1680 0.8802 1.0034 
0.40 2.8623 1.0516 0.8624 1.0047 
0.45 2.5885 0.9511 0.8445 1.0061 
0.50 2.3703 0.8630 0.8263 1.0084 
0.60 2.0455 0.7156 0.7892 1.014 
0.70 1.8164 0.5968 0.7702 1.024 
0.80 1.6473 0.4992 0.7110 1.038 
0.90 1.5186 0.4178 0.6691 1.055 
1.00 1.4184 0.3496 0.6252 1.0733 
1.1 1, 3392 0.2021 0.5797 1.0879 
1.2 1.2759 0.2436 0.5330 1.0968 
1.3 1, 2249 0.2028 0.4860 1.0955 
1.4 1.1855 0.1702 0.4388 1.0787 
1.5 1.1500 0.1397 0.3945 1.0568 
1.6 1.1226 0.1134 0.3515 1.0197 
1.7 1.1003 0.0956 0.3111 0.9727 
1.8 1.0821 0.0789 0.2737 0.9178 
1.9 1.0672 0.0650 0.2396 0.8575 
2.0 1.0549 0.0535 0.2087 0.7940 
2.2 1.0368 0.0301 0.1564 0.6651 
2.4 1.0247 0.0244 0.1157 0.5424 
2.6 1.0165 0.0165 0.0847 0.4332 
2.8 1.0111 0.0111 0.0614 0.3404 
3.0 1.0074 0.0074 0.0443 0.2638 
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TABLE AIX. 5a 


Rotator Functions ror Dratomic MoLecuLes WHICH Havp 
Two IDENTICAL ATOMS AND FOR WHICH ONLY 
RotaTIoNAL LEVELS 
with Even j ARE ALLOWED 


aT re ne etmunaaeiiaend 


a re NTE A 


d 
me irre me e 
a Qime ~ pi : dT 0 <e 
: ime/ = Ejyme/RT 

0.08 6.2636 1.8593 0.9732 | ...... 
0.10 5.0254 1.6429 0.9664 | ...... 
0 15 3.3716 1.2543 09495 | ...... 
0.20 2.6739 0.9835 0.93818 |  ...... 
0.25 2.1766 0.7778 0.9098 1.040 
0.30 1.8492 0.6148 0 8772 1.117 
0 35 1.6205 0.4827 0 8290 1. 287 
0.40 1.4566 0.3761 0.7639 1.3428 
0.45 1.3371 0.2904 0.6859 1.4287 
0 50 1.2493 0.2218 0.6010 1 4648 
0.60 1.1367 0.1281 0.4332 1.3770 
0.70 1.0750 0.0723 0.3254 1, 1458 
0.80 1.0411 0.0403 0.1897 0 8748 
0.90 1.0226 0.0223 0.1193 0.6298 
1.00 1.0124 0 0123 0.0734 0.4353 
1.10 1.0068 0.0068 0.0446 0.2923 
1.20 1.0037 0.0037 0.0268 0.1921 
1.30 1.0020 0.0020 0.0159 0.1241 
1.40 1.0011 0.0011 0.0094 0.0791 
1.50 1.0006 0.0006 0.0055 0.0499 
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TABLE AIX, 5b 


Rorator Funcrions ror Diatomic Mo.tecutes WHicH HAvE 
Two IpENTICAL ATOMS AND FoR WHICH ONLY 
RoraTionaL LEVELS 
witH Odd j ArE ALLOWED 
State j = 0 is assumed to have zero energy, so that lowest energy per molecule 
for j = 1, ise = 2oT7’. 
Ejmo(0°K.) = 2NocT, Sjmo(O°K.) = Rin 3. 


d 
; - Osmo ea T aT In Qimo ise 
imo/ =Ejmo/RT 

0 08 6.2636 1 8593 0.9732 [{  ...... 
0.10 5.0254 1.6429 0.9664 [| ...... 
0.15 3.3716 1.2543 0.9494 | ...... 
0.20 2.6737 0 9835 0.9332 0.998 
0.25 2.1742 0.7766 0.9204 0.963 
0.30 1.8390 0.6092 0.9182 0.8869 
0.35 1.5950 0.4469 0.9322 0.7705 
0.40 1.4057 0.3405 0.9645 0.6347 
0.45 1 2513 0.2242 1.0138 0.5247 
0.50 1.1210 0.1142 1.0774 0.3816 
0.60 0.9088 —0.0956 1.2345 0.2059 
0.70 0.7414 —Q.2993 1 4149 0.1038 
0.80 0.6062 —Q.5006 1.6063 0.0500 
0.90 0.4960 —0.7011 1. 8026 0.0233 
1.00 0.4061 —0 9012 2.0010 0.0106 


High-Temperature Corrections. At higher temperatures, when hy /kT = u 
becomes unity or smaller, correction terms must be added owing to the 
anharmonicity of the vibration and the increase of the moment of inertia with 
increasing j and v values. Especially for molecules containing hydrogen atoms 
these corrections are important even at relatively low temperatures, that is, 
for moderately large values of wu. 

The energy of the molecule as a function of the quantum numbers v and j 
is usually given in one of the alternate forms: 


(AIX. 39) 5 = WH Be — (+ Bee + 1+ DB, 
— 7G +1)? D. — w+ 4)IG + De, 
(AIX. 39’) 2 = wu — v2 + j(j + 1)Bo 


he 
—fGt+1)?D,. — vig + la, 
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Em €9 


- vo" — v(v — 1)2*w* + j(j + 1)Bo 


— FPG + 1)? D. — vj(j + 1a. 


e e # 
The relationships between w., wo, and w”, %., Zo, 2", and B, and Bo are 


(AIX. 39’’) 


(AIX. 40) Ww" = Wo — Tow) = We — WL eWe, 
(AIX. 41) w*2* = wot = WeLe, 
(AIX, 42) Bo = B. — $a. 


The quantity x must be known from experimental data, but a and D, depend 
on the values of w, B, and 2, as follows: 


1/2 
(AIX. 43) hoa (2 ‘ | (22) = i, 
B, We B. 


1/2 
(AIX, 44) _ (F) _ Bevo, 


We U 


Actually, the experimental value of a is often given and does not agree perfectly 
with (43), which is probably because the experimental value is averaged over 
highe~ approximations to the true energy formula than (39). 

For diatomic gases at high temperatures the following procedure may be 
employed. X, and Xjm are calculated with the aid of the equations in the 
preceding paragraphs, using w* and Bo to calculate u and o. The following 
correction terms are then added. 

The negligible difference between z., xo, and x may be neglected, and any of 
them used for x. ¥ is, from (44), just o/u. Then, 


(AIX.45) F. = RT | - e (Qy + Gy!/2g!/2 +. 22) — (By — By'/2z!/2 — 2x) 
u 
ees ae 1/2,1/2 4. F u? _ es ee 
5 | Sy + 8y' xl? + Br) + ao at Vege + x) 
een 
(AIX. 46) S. =R E (4y + 12Qy'/2q1/2 + 4r) + (37 — Byll2gll2 — 22) 
u 
u? u' 1/2 1/2 | 
—-7—-—(y¥ — £ ee i 
rg ao 6% yl iaghl® + 2) + 
(AIX. 47) H. =E, = RT E (Qy + 6y'/?xl/? + 2x) — 7 (—3y + 3y)/2z1/2 
Pere gat — ylegllt + 2) oe 
3 40 Y~-Y 
2 
(AIX. 48) Cp,=Cy,=R k (Ay + 12y'?gl/? + dr) — 3? 
u 


ut — vy1/2y1/2 coe fe 
F 5g OY — PE + 2) + 
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(f) XK; for Polyatomic Gases 

The total number of degrees of freedom per molecule is 3n if n is the number 
of atoms in the molecule. Of these, three are accounted for by the translation 
of the center of gravity, and either two or three, depending on whether the 
molecule is respectively linear or non-linear, will be degrees of freedom of rota- 
tion. Linear molecules will have 3n — 5, non-linear molecules 3n — 6, degrees 
of freedom due to vibration. If the 3n — 5, respectively, 3n — 6, frequencies 
are known, several of which may be numerically identical, each contributes a 
term X, to X;, with the appropriate value of u substituted in equations (25) to 
(28). 

If the molecule is linear, X;,, will the be same as for a diatomic molecule with 
the same moment of inertia. The moment of inertia J is given by 


k=n 


(AIX. 49) T= DY mci, 
k=1 


where m; is the mass of the Ath atom and 2; its distance from the center of 
mass. The center of mass is so determined that 


k=n 
~ xm, = 0 
k=1 


if the sign of x, is taken into account. 

If the molecule is non-linear it will have three moments of inertia, A, B, C, 
two of which, or even three of which, may be identical. The moments of 
inertia may often be calculated with considerable accuracy from a knowledge 
of the geometry of the molecule, using accepted interatomic distances. With 
the exception of a few hydrogen derivatives at very low temperatures the 
moments of inertia are large enough so that a purely classical approximation is 
sufficiently accurate for the rotational contribution. 

The equations for the contribution of the three rotational degrees of free- 
dom are, if the moments of inertia are measured in c.g.s. units: 


2 3/2 
(AIX. 50) Qn. = (=) (w ABC)", 


h2 3/2 1 
(AIX. 51) Frot. = Arot. = KT in( ) 


SrkT) (2 ABC)'? 
= RT[-$ln T — 31n (ABC X 10!) + 4.946}. 
2 3/2 
(AIX.52) Sr. =RIn (=) (rABC)!/2 


= R[Z In T + 3 1n (ABC X 10) — 3.446}. 
(AIX. 53) Hr. = Erot, = $RT. 
(AIX. 54) Cp rot. = Cy rot. = $R. 
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AX. The Coefficient of the Term []6?*« in b, 


The cluster integral, b; (equation 13. 5), is the integral over the configuration 
space of l particles of a sum of products of functions f;, between the particles 
tand j. The sum goes over all products for which all the particles are at least 
singly connected by f’s. The integral is normalized by division with l! V. 

A product in which two groups of molecules are only singly connected, that is, 
have one molecule in common, but no f’s connecting other molecules which are 
in different groups, splits into a product of two integrals. A sum of certain 
terms in the integrand of b; may thus be represented as a product of irreducible 
integrals 6,, each raised to the power n,, with Dikn, =1—1. The B,’s are 
defined by equation (13. 25); they are 1 /k! V times the integral over the space 
of k + 1 particles of the sum of all products of f;,’8 in which all the particles 
are more than singly connected by f’s. 

If the symbol s is used to designate a certain set of the numbers ny, one has, 
then, 


1 n 
(AX. 1) b = — SKID 16x)" 
Zkny =1—1 


in which the numerical coefficient K, gives the number of terms in the inte- 
grand of b; which after integration yield [[6y*. The?! and k! in this equation 
arise from the inclusion of these factors as normalization factors in the integrals 
bj and By, respectively. The determination of this numerical coefficient K, is 
the problem of this section.” 

Consider a cluster of 7 molecules. Corresponding to any product of f;;’s 
consistent with a single cluster, that is, any term in the integrand of equation 
(13. 5), it has already been shown that a diagram may be drawn with a line 
between the circles ¢ and 7 symbolizing the function f,;. So the problem of 
finding how many times a given product of 6,’s occurs in the integrand of bj 
reduces to a problem of finding how many lines may be drawn between num- 
bered circles in a certain pattern. According to the formal development, there 
is no restriction on the number of bonds originating at any one molecule except 
that only one line may be used to connect each pair. 

First a remark is to be made concerning the bond patterns corresponding to 
By’s for which k > 2. Each such fy is a sum of $k(k — 1) terms Bum, since 
k-+ 1 points may be connected by k + 1,---, $k(k-+ 1) lines and still 
have all points more than singly connected. For example, 6, contains integrals 
corresponding to the six patterns of Fig. AX.1. Each of these integrals will 
occur in B, with a coefficient representing the number of different permutations 
of the numbered molecules giving the same diagram when the numbers on the 
circles are neglected. The coefficient of the last pattern, that for which all the 
circles are connected directly to every one of the k other circles, in the integrand 
of 6, is always unity, since this diagram can be drawn in one way only. The 
coefficient of the total II8,"« in b,, however, will be the same as that for the 


* The method of calculation which follows is copied with minor alterations from 
the dissertation of S. F. Harrison, Johns Hopkins University, 1938. 
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patterns with every molecule in the §,’s connected to every other one. So the 
coefficient of II6,* in 5; can be obtained by considering only the completely 
connected patterns for §;,, that is, by treating the k + 1 molecules in By as 
identically situated with respect to each other. 

In order to make the problem easier to visualize, the bond patterns corre- 
sponding to the various integrals 6, may be imagined to be rigid mechanical 
frames, with a frame of index k containing k + 1 symmetrically situated holes. 


B,, By. ie 
B, 3 Baa B,,. 


Fig. AX. 1. The different terms occurring in 8. It is to be noted that some of 
the Bxm’s are themselves » sum of terms, since the nature of the integral is not com- 
pletely defined by the number of particles and the number of bonds. 


(This is, of course, a physical impossibility in three dimensions for most large 
k values, but that is an unessential fact.) The l molecules will be replaced by 
t numbered bolts, which will serve to fill the holes in the frames and to bolt the 
frames together into a single cluster. It is fairly easy to see that such a struc- 
ture will correspond to a term in the cluster, and that the problem of the number 
of ways in which the bolts can be inserted in the frames so as to obtain one 
cluster is equivalent to the problem of the determination of K,. 

It is now necessary to find out how many ways the bolts can be put into the 
frames and the frames bolted together. 

There are given 2 numbered bolts, and a total of n = Ding frames, with, for 
every k, (1S k <1 — 1), nm, frames containing k + 1 identical holes which 
are situated in such a way that every pair of holes in one frame is exactly like 
every other conceivable pair in the same frame. The restrictions under which 
the bolting process must be carried out are: 


a.1+ dkny, of 
kk 


b. Kivery hole must have a bolt through it. 

c. No bolt can go through more than one hole in any given frame. 

d. The frames must all be singly connected with each other. 
Summarizing, there are: 


Lik + 1) holes, 
dkny + 1 = lbolts, 


ym, = n frames. 
k 
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The excess of holes over bolts is therefore 
L(k+ 1)n, —- Lkn, —1=n—-1, 
k k 


so that, if a washer is placed between every pair of frames which are bolted 
together by a common bolt, exactly n — 1 washers are necessary. At most, 
then, n — 1 bolts are used to connect frames together, and at least one bolt. 
If only one bolt is used this one bolt must pass through a hole in every frame, 
and will pass through all n — 1 washers. 

Now consider an arrangement which is completely bolted together, corre- 
sponding to a term in the cluster integral h. This is to be dissociated, or taken 
apart, into n frames, each frame of index k containing k bolts and one empty 
hole, with one “ free ”’ bolt left over. By choosing the free bolt and removing 
it first, the method of dissociation is uniquely determined, and since any of the 
1 bolts may be chosen as the free one there are 7 different dissociated arrange- 
‘ments of the bolts in the frames corresponding to every arrangement which is 
completely bolted together. 

That is, if L, is the number of different dissociated arrangements which can 
be formed, and M, the number of ways in which each dissociated arrangement 
can be bolted together, the coefficient sought is 


(AX. 2) K,= ; L.M,, 


since there are always | different dissociated arrangements which can be bolted 
together so as to form the same completely bolted arrangement. 

The numher /, is the number of ways in which the 2 numbered bolts can be 
assorted into ny piles of k objects each, with 23kn, = 1 — 1, with one free bolt 
left over. This number is, see AVII (6), 


l! 


ee Wg yeni 
so that, from (2), 
1 1! 
4 7 = > ——— M,, 
rs 4 IT(e !)"*ng!* 


It will now be shown that the number of ways M, that the dissociated arrange- 
ments can be bolted together is 


(AX. 5) M, = in-, 


As has already been stated, in a cluster there are certain bolts common to 
two or more holes in different frames. To these bolts a particular significance 
attaches. Defining the “ significance ” \ of a bolt as one less than the number 
of frames to which it is common, then this “ significance ” of a bolt is numeri- 
cally equal to the number of washers through which it passes, if, as has been 
suggested, we use a washer to separate every pair of frames which are bolted 
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together. The washers are the physical objects by which we may visualize the 
significance of the bolts. 

The number of bolts with a significance \ will be designated by »y, and since 
the total number of washers is n — 1, 


(AX. 6) LAn=n— 1. 
N 


Now, if the washers are numbered and distributed among the bolts (a bolt 
receiving no washers is used in one frame only, and one receiving one washer is 
used to bolt two frames together, and so forth), then each such distribution of 
the numbered washers among the numbered bolts corresponds to exactly one 
way of making a dissociated arrangement into a cluster. When this statement 
is proved the problem is solved, for the number of ways that the n — 1 washers 
can be distributed among the 1 bolts, with no restrictions as to the number of 
washers per bolt, is just /*—. 

Obviously two distributions of washers which differ in the numbers of washers 
per bolt can never lead to the same way of bolting the frames together. How- 


ever (n — 1) !/ ITA !)”\ arrangements of the n — 1 numbered washers corre- 


spond to the same set of values of the numbers of washers on every bolt. We 
shall prove that, if the numbers Xd of washers per bolt are given, the number of 
different ways in which the frames can he bolted together is just the same as 
this, namely, (n — 1)! (Ta !)"A, It follows that the total number of ways in 


which the frames can be bolted together is the same as the number of ways that 
the numbered washers can be distributed among the numbered bolts, namely, 
pe) 

Consider a dissociated arrangement in which the number of washers on each 
bolt is determined. We select one of the bolts (other than the free bolt) con- 
taining one or more washers, say \, washers. This bolt must pass through the 
empty hole in \, frames other than its own. These frames can be chosen in 
(n — 1)(n — 2)--- (n — ry) /Ai! ways, the factor 1/\,! arising from the fact 
that the order of choice is immaterial. This complex of \; + 1 frames will 
then be an incomplete cluster still containing precisely one unoccupied hole, 
and for the bolting process is exactly equivalent to a single frame. 

The next bolt chosen, with A, washers, can now join Ag frames in (n — A; — 1) 
(n — \y — 2)--- (1 — Ny — Az) /A2! Ways, since the formation of the first com- 
plex has reduced the number of separate units to n — ry. This process is 
repeated until a single unit corresponding to a term of the cluster has been 
formed. The free bolt causes no difficulty. 

If the free bolt, which is put in as the last step, has no washers, the proof is 
complete, since at the end there will remain only one hole into which this bolt 
must go. If the free bolt has been assigned Ay ~ O washers there is also no 
choice since at the end there will remain Ar + 1 incomplete clusters with as 
many unoccupied holes through all of which the free bolt must pass. This unit 
choice is numerically Ap ! /Ar !, which completes the series of factors. 

We have proved, then, that the number of ways that the frames can be bolted 
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together after the numbers of washers on each bolt have been assigned is 
(n — 1) !/TE(\!)”%, which is the same as the number of ways that the num- 
N 


bered washers can be assigned to the bolts with a predetermined number to 
each bolt. It follows that the total number of ways that the frames can be 
bolted together, which is M,, is the total number of ways that the numbered 
washers can be assigned to the bolts, or /*—', 

Equation (5) is thus proved. Inserting this in (4), and the result in (1), 
one obtains 


(AX. 7) bei vy Ye”, 
Pon k | ny! 
xkn, =l-1 


which is equation (13. 34). 


AXI. Application of the Theory of Functions to the Functions Appearing in the 
Theory of the Imperfect Gas 

We shall apply the theory of functions of a complex variable to the series 
occurring in the development of the partition function of an imperfect gas. 

A function of a complex variable, f(z), 1s said to be regular at a point z = ¢ 
if it is finite, continuous, and differentiable. This latter condition implies 
certain relations between the differential coefficients of the real and imaginary 
parts of f(z) with respect to the real and imaginary parts of z. If a function is 
regular in a region, and if ¢ is any point inside the region, f(z) can always be 
developed as a power series of (2 — ¢), containing positive and zero powers 
only. The coefficient a, of (2 — ¢)" 1s 


(AXI. 1) a +|< se) 
z=f 


There exists a real quantity R, called the radius of convergence (which may be 
infinity), such that the series converges for all points z inside the circle 
|z — ¢| = Raround ¢, and diverges for all points outside. f(z) is regular within 
the circle of convergence, but is not regular, that is, it has a singularity, at one 
point, at least, on the circumference of the circle. 

If the region of regularity is singly connected (comprises the whole region 
enclosed by one closed curve) and C is any closed curve within the region, the 


integral ¢ f(x) dz taken over C is zero (theorem of Cauchy). 
Suppose that a function is regular and single valued in a region except in one 


inner point of the region, which we may take as the point z = 0. In that case 
f(z) may be developed into a power series of direct and inverse powers of z, 


roe) 
(AXI. 2) f(ize)= BD ane 
nw—-O 
(Laurent series). If there are no inverse powers, a, = 0 for n <0, f(z) is 
regular at z = 0. If there are a finite number of inverse powers, a, = O for 
n<m <0, but a, ~ 0, the function is said to have a pole of order m at 
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z=0. If there are an infinite number of terms with inverse powers, f(z) is 
said to have an essential singularity at z = 0. The series converges outside of 
z = 0 and inside the circle about z = 0 which contains on its circumference the 
nearest point of irregularity of f(z). 

The integral of the function taken over any circle around z = 0 within the 
circle of convergence has the value 27ria—;, where a—; is the coefficient of 2 in 
the Laurent series. a—, is called the residue of the function. 

The general coefficient a, of the Laurent series is then equal to the integral, 
taken over any circle about z = O within the region of convergence, 


1 F£4@ 


ght 1 ’ 


(AXI. 3) dn = — 

211 
for positive or negative values of n. 

If the circle or closed curve over which the integration 1s performed encloses 
two or more isolated points of singularity the value of the integral is 277 times 
the sum of the residues of the singularities. 

If the coefficients a, of the power series development of the function are all 
positive, the radius of convergence R can be obtained according to the theorem 
of Cauchy-Hadamard as 
(AXT. 4) R = lim (a,)7/". — 

n— > 

These theorems will be used to investigate the functional dependence of 
Q,/N! on &, equation (13. 10), and of by on By, equation (13. 34). The 
method which will be used follows closely that of Born and Fuchs.* 

The function F(N,1, +--+ ,t%,,°°:* ), defined as 


(AXI. 5) Fv) = Dy Am”, 
m k ny, | 
Dkn, =N 


is of the same form as equation (13. 10) for Q,/N !, with vb; replaced by 2,. 
By inspection one sees that this function is the coefficient of ¢* in the develop- 
ment of 
eN Da,c* 
into a power series of ¢, and therefore, from (3), 


= 1 [ ae 
AXI.6 F(N,z) = — P—— dk, 


where the path of integration must enclose the point ¢ = 0. 
We shall define a function Hj(z,21, °° + ,2n,°°° ) a8 


(AXI. 7) HY(2,x2) = x FW), 


* Max Born and K. Fuchs, Proc. Roy. Soc., London, A166, 391 (1938). 
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and prove that 


Dkxt5 
(AXI. 8) W272) = —=——_- 
; 1 — Dkr. ff 
where ¢o is defined by 
k 
(AX. 9) a= toe ~7KE0. 


The theorem is proved by using equation (6) in (7). For small enough 
values of z it will be shown that the path of integration of ¢ can be chosen so 
that always 


(AXI. 10) 2 peat 


<1, 


in which case the summation in (7) can be performed before integration. After 
introducing (6), the right-hand side of (7) before integration is just 1/27i¢ 
times the sum of all powers greater than zero of the quantity in (10). If rela- 
tion (10) is obeyed the sum converges and may be expressed analytically by 


Eyal, 


N=1 ~|-y 


so that 
1 zerrnek de 
arid Fa ache 


(AXI. 11) H} (2,2) = 


Just as the residue of the original exponential which is F(N,2) was expressed 
as the integral in (6), so now we shall reverse the process and calculate the 
integral of (11) by determining the residues of the singularities enclosed by the 
path of integration. The function which is the integrand of (11) has two 
singularities enclosed by the path of integration, namely, where ¢ = 0, with 
the residue —1, and a singularity at {o where equation (9) is satisfied. The 
residue of the singularity at {> is obtained by inserting the derivative of the 
denominator in (11), and with (9) this gives 


1 
1— Dkxutt 


for the residue. Adding —1 for the residue at ¢ = 0 to this proves (8), 
provided there is one and only one point {p inside the path of integration for 
which (9) is satisfied. 

The function 


1 eurnt kc 
c 


has a pole of the first order at { = 0. This pole is surrounded by curves along 
which the absolute value of the function is constant. Provided this absolute 
value is sufficiently high these curves are closed around ¢ = 0. Therefore if 
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z is sufficiently small we can choose the path of integration according to condi- 
tion (10) just outside the curve along which 


1 


¢ | z| 


in such a way that there is only one such curve inside the path of integration. 
On this curve there 1s one and only one point for which (9) is satisfied. Since 
(8) is proved for small values of z it will be true in general. 

If in equation (5) the quantities z, are replaced by vb; the functions F(N,vb) 
are just the quantities Q,~/N!, equation (13. 10), for systems of N mole- 
cules, but with the same volume per molecule v. 

Consider the sum 


S: Qe 149% 9p) = eee 
(AXI. 12) ee = Hae) = 5 Spa’ 


where, corresponding to (9), 

(AXI. 13) r = ze 20h, 

The configuration integrals Q; are all integrals of a positive integrand, and so 
are all positive. The first irregularity of the sum (12) must occur on the real 


positive axis of r, say at r = R, and R is then the radius of the circle of con- 
vergence of (12). From (4) 


(AXI. 14) lim 4 In or = —InR. 


The radius R of the circle of convergence of the sum (12) determines the 
quantity we seek, namely the limit, as N approaches infinity, of 


—(1/N) In Qn /N !), 


which is the contribution of the configuration integral to the work function per 
mole divided by RT, A; /RT. 
If Z is the value of z when r = R, according to (13) one has 


A, 
RT 


which is the same as equation (14. 20). However, in this equation Z 1s defined 
as the value in (13) corresponding to the radius of convergence R of (12). 

From (13) it is seen that, when r = 0, then z = 0, and that, for small values 
of z and r, the real positive axis of r corresponds to the real positive axis of z, 
as well as the converse, since all b's are real. As long as the function Dilvb,z' is 
both regular and smaller than unity, (12) converges, and if 2./vb,z' reaches 
unity is it seen that (12) is singular, and it will be proved later that if 
2vbz is singular the sum H®(r,vb) is singular. With this proof we have 
what is needed. 


(AXTI. 15) =InR=InZ — 2 lvd,Z', 
i>1 
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We consider a region enclosing the real positive axis of z and r. The singu- 
larity in H}(r,vb) determining the radius of convergence R of (12) lies on this 
axis. It occurs at the smallest real positive value of z, which we have called Z, 
for which either condition a, that 


(AXI. 16a) Lb,Z! = 1, 
or condition 6, that 
(AXI. 16b) DL lvd,Z' is singular, 


is fulfilled. Since b; is unity, condition a will obviously be fulfilled at lower 
z values than 0 if the volume per molecule » is sufficiently large. The value of 
Z for which condition a is fulfilled will depend on the volume v. At sufficiently 
low values of v condition 6 may be fulfilled before a, and the value of Z deter- 
mined by this condition will be independent of the value of the volume per 
molecule v, since this quantity is only a factor in the sum. 

. The result is essentially the same as that found in Chapter 14. There we 
explicitly considered a system with a large but finite number, N, of molecules. 
As a consequence the series 3) lvb,Z' had a finite number of terms, N, instead of 
an infinite number, as here. The finite series has no singularity, but two types 
of solution to the equation (16), which was used to determine Z, were found. 
The first type of solution, which led to the equations for the imperfect gas, 
corresponded to the case here that condition a is fulfilled before the series 
becomes irregular, and was characterized by the fact that only the lower mem- 
bers of the series were important at the solution. In the second type of solu- 
tion, at low volumes, and corresponding to the condensation range, the series 
value increased so rapidly with z in the neighborhood of the solution, because of 
the importance of the terms of high / values, that the solution was practically 
independent of the volume. This solution corresponds to the condition b on 
the infinite series. 

The proof that (12) is singular if the sum Jolvb,Z' has an irregularity will 
follow later. We shall now undertake some mathematical juggling to arrive 
at the virial development. 

There are several functions similar to H}(z,x), defined by (7), which we shall 
have occasion to use. The functions defined as 


CO 
(AXTI. 17) Hz2)= + {FN 2) 
N=a1lN 
are seen to be obtained by 


0 : 0/,/ dz’ 
(AXT. 18) Ay (z,2) = Hy(z jv) oa - 
1) 


By further integration the members of higher \ value may be calculated. 
From (9) 


dg 


(AXI. 19) : = (1 — Dk, t") 7 
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Using this in (18) with (8) for H}(z,z), one obtains 
0 “i 
(AXI. 20) HY(z,r) = J Dent = Lest. 
We further define 


(AXI.21) HyX(z,2) = p> x E ms F(N, a) | -(2) H}41(z,2). 


The differentiation is to be carried out at constant z, but the functions H} are 
expressed in terms of {>. We use (9) to obtain 


—=(1- Death) — € dx, 


so that, at constant z, dz = O, and 


1 fdfo Fo 
AXI, 22 -—{—-] = ° 
( fo (i) 1— Dk2,t¢ 


Writing, then, 


6) a] Of 0H? 
~ )H8,,=(—) scat 
(=) se Ek fa ta), i ato 


and with (22) one obtains from (21), 


sia ho Hy 4. 


0 
AXI.23) H} = (—) #H 
( ) A (z,2) (2) = AFI + dt 


Sak 
Applying this to (20) for H°(z,x), 


ee. | ae 
iTS 1 — Dkxf5 


Repeating the process indicated by (18), which also applies to the calculation 
of H}(z,2), and using (19) and (24), one finds, 


(AXT, 24) Hy (2, ) = fo + Lkuss — 


So 
(AXI. 25) H}\(z,2) = J HY (2 2) — = =f dt = {o. 
0 
Repeating again 


(AXI.26) — Hi(z,2) -f{- Hi? 24 = J "a — Dkent*)dg 


k 
= ro(1 — 24% ) 
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The reason for this interest in the functions H'(z,x) is as follows. Direct 
differentiation of equation (5) for F(N,z) shows that 


7 \nk 
(AXI, 27) Ce ee >y yy Na)™ 
N Ox rd "9 k ny | 
Zkn, =aNV—} 


and this expression is seen to be exactly that of equation (13. 34) for 1°b, if N 
is replaced by J, and 1, by By. The sums which occur repeatedly in the discus- 
sion of the imperfect gas are then 


(AXI. 28) Lil vb! = vHy_,(y,B), 
where y is defined by 
(AXI. 29) 2 = ye~~Pui*, 
From (26), (25), and (24), 
k 
AXI. 30 be = vyf 1 -— LD — — Buy" 
( ) Lvbye wv( E ba) 
(AXI. 31) Lilvbz = vy, 
l 
AXI. 32) ibe a es 
( a : l= Lkpy" 


The variables y and z are related by equation (29), which is identical in form 
to equation (13) relating z andr. Just as with z and r, the point y = 0 corre- 
sponds to z = 0, and the real positive axis of the one variable corresponds to 
the real positive axis of the other. 

Since the sums 2ol’vb,z! are related to each other by 


(AXI. 33) DY Pvd-z! = a< LP vd,2, 
4 


it follows that if one of these sums is singular so are all the others. The same 
statement holds for the sums >-k’#,y*. 

If the functions )-k’6,7* are regular, and if )-k6,y" is smaller than unity, 
it is seen from equations (30) to (32) that the functions Liv, z' are regular. 
If Lks.y" becomes unity, 2o/’vb,z' is singular from (32). The fact that if 
>&’B,y* becomes irregular the sums oi'vb,z! are singular will be proved later. 

We consider a region of the y space enclosing the positive real axis of y for 
smaller values than that for which any of the three conditions are fulfilled on 
the real positive axis: 


(a) y=, 
(8) Lks.y" Ts 
(vy) Eksy* = singular. 
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The corresponding region of z includes the real axis of z with smaller values 
of z than those which fulfill either condition a that 2ilvb,Z' be unity, or condi- 
tion 6 that this function be singular. The corresponding region of r therefore 
includes the real axis for lower values than the radius R of the circle of con- 
vergence. 

We now move out along the real axis of y until one of the three conditions 
(a), (8), or (y) is satisfied. The corresponding value Y of y in (29) gives the 
value Z of z for which either condition a or b is fulfilled, and the variable r has 
reached the value R on the circumference of the circle of convergence of (12). 

At sufficiently large values of the volume per molecule », for all temper- 
atures, condition (a) for Y must be satisfied at lower values of the variable 
than either (8) or (vy). From (31) and (16) it is seen that then condition a for 
Z is satisfied. These large volumes, for which 1 /v is smaller than the value of y 
that satisfies either (8) or (y), are the volumes for which the system is com- 
pletely gaseous. Equations (30) to (32), with Y = », are then seen to lead to 
the equations of Chapter 13, and the virial development for the imperfect gas 
is proved. 

If, at Y = p, either condition (6) or (7) is satisfied, then for » S v, = p™, 
the value 


(AXI. 34) Z = pe~2Fuek 


from (29), determines the value of Z for which the sums Lb, 2! become irreg- 
ular on the real positive axis, and the quantity r has attained the value R, the 
radius of the circle of convergence of (12). These volumes correspond to the 
region of condensation. 

The temperature 7',, above which condition (8) is fulfilled before (y), and 
below which (y) is satisfied before }-k6,y" attains the value unity, has been 
discussed in Chapter 14. With equation (34) determining Z, and p determined 
by condition (8) or (vy), the equations for the system are essentially those of 
Chapter 14. 

The fundamental difference between the language of this section and that in 
the main text is caused by the fact that here we have gone over to the limiting 
case of an infinite number of molecules, so that all the series involved contain an 
infinite number of terms instead of a finite number. The proof presented here 
does not assume positive values for the integrals b, or 8, and so is more general 
than that of Chapter 13. Also, whereas the equations for the virial develop- 
ment of the gas were proved out to only a limited number of terms in Chap- 
ter 13, they are here shown to be general. 

One real difference between the results here and in the text is present, however. 
If the integrals 6, or 8, are not all positive the series Lolvd,2! and >-k6,y" might 
diverge owing to a singularity off the real axis, before the singularity on the real 
axis corresponding to the radius R of the circle of convergence of (12) is reached. 
Since the coefficients of (12) are necessarily positive, the singularity of this 
function which determines the circle of convergence is certainly on the real 
positive axis of r, but the same statement does not necessarily hold for the func- 
tions Silvb,z! and Yk6,y". In this case the analytical continuations of these 
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functions on the real axis must be used to determine the first singularity occur- 
ring with real positive z or y, respectively. This possibility appears rather 
unlikely. It would mean, working with the series of finite number of terms, 
that the coefficients b, and 8, alternate in sign, but the term values increase in 
magnitude with increasing ? or k in such a way that the value of the sum would 
depend entirely on the / or k value at which it was terminated. 

It remains to be proved that if the functions )°k’8, Y“ are singular on the 
real positive axis the functions 37l’vb,Z! are singular; and also that H}(r,vb) is 
singular if Lilvb,Z! i is singular on the real positive axis. 

This may be proved as follows. It is to be remembered that J/}(r,vb) is 
r(d/dr)II9(r,vb), so that, if one function is singular, so is the other. Similarly, 
from (33), if one of the functions Lv, z is singular it follows that the others 
are singular. The same relationship holds for the functions -k’6,y*. 

From (20) it is seen that the function H{(r,vb) is singular if 2.0, Z' is singu- 
lar, unless dz/dr = 0. From (30) it follows that LP vb, 2 are sineuiae if the 
functions )-k’8,y* are singular, unless dy /dz = 0. 

We must now show that neither dz/dr = 0, nor dy /dz = 0 can occur on the 
real positive axis of r, knowing that the fadius R of the circle of convergence of 
(12) is determined by a singularity for real positive values of r. 

From (13) and (20), 


(AXI. 35) 2 = reli rm), 


(AXI. 36) re 14 W%\(rpb). 
z dr 


From (36) one sees that dz/dr can be zero only if /13(r,vb) is minus unity, and 
since the coefficients of this function of r are all positive this cannot be the case 
if r is real and positive. This proves that dz/dr ¥ 0 on the real positive axis 
of r. 

To prove that dy /dz ~ 0 for real a values of r we use (31), from which 


dy ld 


(AXI. 37) eeerr ap = — — Lobe. 
Z 
Now from (12) 
2 
(AXI. 38) rH, vb) = ees, rdz RePub! 


— Dlvbe!)? 2dr (1 — Llvbye!)8 


Again the fact that the coefficients of H}(r,vb) are positive is used to deduce 
that the derivative with respect to r cannot be zero, and consequently that the 
sum )2/?vb,2' cannot be zero, on the real positive me of y. This proves, with 
(37), that dy /dz ~ 0 for real positive values of r. 
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AXITII. Physical Constants 

These values were calculated by J. O. Hirschfelder from those compiled by 
R. T. Birge, Physical Review Supplement, July, 1929, and the revised values 
of e, h, and e/m given by R. T. Birge, Physical Review, 52, 241 (1937). The 
last figure given is usually not significant. 


Velocity of light c = 2.997 96 X 10! cm. sec.~! 
Charge on electron e = 4.8029 < 107?° abs. e.s.u. 
Planck’s constant h = 6.626 X 10-2’ erg sec. 
h 
i = oF 1.054 6 X 107?’ erg sec. 
Ys ° 
Mass of electron me = 9.110 X 10728 gram 
Mass of hydrogen atom My = 1.6733 X 10774 gram 
M 
Ratio —* = 1836.8 
Me 
Ratio, charge to mass of electron — = 1.7585 X 10’ abs. e.s.u. gm.—! 
6 
Boltzmann constant k = 1.3804 X 107)% erg deg.—! molecule™ 
Avogadro’s number No = 6.023 X 102% molecules mole! 


Number of molecules per cubic centime- 
ter ina perfect gas at O0°C. and latm. = 2.687 X 10) cc“! 


Volume of perfect gas at O°C.and1latm. = 22.414 1 liters mole™! 


Gas constant per mole R = 1.986 4 cal. deg.—! mole! 
= 82.07 atm. cm.? deg.—! mole! 
Faraday constant F = 96 489 abs. coulombs gm.-equiv.! 
= 96 494 int. coulombs gm.-equiv.! 
Normal acceleration of gravity g = 980.665 cm. sec.” 
Normal atmosphere = 1.013 249 x 10° dyne em.” 
Temperature of melting ice, 0°C. = 273.18°K. 
Density of mercury (0°C. and 1 atm.) = 13.595 09 gm. em.~? 
Radius of first Bohr orbit ap = 0.5291 XK 1078 cm. 


Reciprocal of fine structure constant = 137.044 


Bohr magneton 8 = = 0.927 26 x 10-7" erg gauss”! 


4nrm,c 


471 


APPENDIX 


| 
9—OT X e—OT X ; cs—OT X : o1 OT xX g1—OT X sjenbo 
: 8 SOI 'e | rose t | Pete 919°8 a €80°Z + 088"T aarBep | 
cOT X I | gOIl X 90T X e1Z°1z cOT X oO X 11-OT X spenba 
LSI | $229 0 929° LEG Z ogc 9 0 09¢ 'F qIUN O101078 | 
—— | | | —— | | | | 
Z01 X s-OT X | ; s0T X 2-01 X 201 X e101 X +1-OT X spenba 
¥£0'S 686s | Zoi F ¢ 188 F 86F'€ 6401 6F6°9 — ejour sed atopeoopy T 
8Z OZT "0 eels pL A I c—OT X z—-O0T x g0T X u1-OT X spenba 
T 808 P68E'S | 6 980 'T Sc 8 90¢ °Z €099°T | ajour sad amof ‘sqe { 
s01 x z—O1 x CCQ es 7OT x I eOT x 7101 x z1—Ol x spenba 
90911 L¥L9° ° F 6F9'6 ¢90°8 SIPS 1 09'T JOA UOIZ0g[a “Sqe | 
9—OT X e—OT X , y-OL X or OT X gi-OT X senbe ,_-u0 
O68F'T | Zoce'F 668°z ae 0FZ'T : 96 266° | 986° | UT zequmnu eam gran 
11—OT X 91-OT X r1—-OI X o1—Ol X et—-OI X 11—-OT X I 13—OT X spenba 1— 998 
008 'F L61S'T 9£¢ 6 1 066° O81 'F 9 cee'e 8 979 °9 ur Aouonbayy 4ron 
5 OT x 01 OT x 2101 x 91 OT x 1101 x ¢ OT x 9201 x I srenbo 
ChS L 9 £62 I 6&F I €20°9 CHS 9 ¥£0'S Z 609 'T gmogjour sod B19 { 
s0199p ae ae ise “A'S ;- wo {~ 098 poet te 
DTUIOZ "Teo ¥ somnof 319 


"SSBUL O}UBUI Jo adojzost uaB 
-orpAy TeojaqjodAy & Jo AZIaU UOIZBZIUOI 94} 99144 “On/2a syruN ul AZIaUa 94} ‘syTUM oO’ fy Aq poplAIp ABroue 04} ‘earFop 'S}JOA 
jo Jaquina 484} YANoIy, paze1ejeodv UoOI}0a[9 UB JO AdIoUS ay} ‘“YJOA ‘JaquINU sAVA\ 44} JO UOJOYd B Jo AZ1oUa ey ‘, “WO UT ‘IequmMuU 
eavm ‘Aouenbayy 484} JO uoJOYd ¥v Jo ABJoue 04} ‘;_"9as UI ADUaNbaly ‘saqoreo ,QT ‘elsopeoopy fo OST 9% “OT 1078M Jo ‘m3 | osTel 07 
pormber yvoq 943 ‘atioyeo ‘sBsa ,QT ‘efnof ‘ureqsAs -s°3°9 94} Jo 4rUN [eyUSMTEpUNy oY} ‘B19 :syrun ABJoua Se PosN [Te Ie SULMOTIO} oy], 


siman Agieuq JO UOISIOAUON ‘°ATYYW 


472 


Aa 
BB 
ry 
A 6 
He 
Zé 
H 9 
6 3 0 
Te 
K k 
AX 
M py 


Alpha 
Beta 
Gamma 
Delta 
Epsilon 
Zeta 
Eta 
Theta 
Tota 
Kappa 
Lambda 
Mu 
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AXV. Greek Alphabet 


Pod 


[Sec. AXV 


Nu 

Xi 
Omicron 
Pi 

Rho 
Sigma 
Tau 
Upsilon 
Phi 
Chi 

Psi 


Omega 


GLOSSARY OF SYMBOLS 


The Lewis and Randall notation, ZH, H, S, A, and F, is used for the thermo- 
dynamic functions, with bold-face E, H, S, A, F, and V for the values per mole. 
However, mu for the chemical potential or partial free energy per molecule is 
used instead of the partial molal free energy F of Lewis and Randall. The 
relations between these quantities are explained in Appendix AVIII. 

The Hamiltonian is distinguished from the heat content by always using 


H (p,q). 

Quantum numbers, and subscript integral indices, are printed in bold-face, 
n, k, l, j, etc. 

The electric and magnetic fields are symbolized by script letters, &, 3C, D, etc. 


A, work function, Helmholtz free energy, or free energy at constant volume, 
A=E-—TS. 

A, work function per mole. 

A, one of the three principal moments of inertia of a polyatomic molecule, Chapter 8. 

A, area of plates in a condenser, Chapter 15. 

A,, amplitude of the normal coordinate qg;, Chapter 11. 

a, variously used as a constant parameter of a function or a special value of a coordi- 
nate or a function, also as a subscript to indicate a special object, a subsystem, 
or a kind of molecule. 

a, the force constant of the equation for a quadratic potential, u = dat. 

a, equilibrium distance between atoms, Chapter 11. 

a, distance between plates in the viscosity apparatus of Chapter 1. 

a, van der Waals’ constant of dimensions energy times volume, equations (12. 1) 
and (12. 23). 

B, one of the three principal moments of inertia of a polyatomic molecule, Chapter 8. 

B, band spectral constant of dimensions cm.~!, B = h/87Ic, equation (7. 4), Be 
and Bo are defined by equations (7. 24) and (7. 24’) and related in (7. 27). 

B;(y), the Brillouin function, equation (15. 36). 

b, used as a constant or subscript index analogously to a. 

b, used to give the deviation from the quadratic form of a potential, equation (7. 51’), 

b, van der Waals’ constant, b = 4vo, equations (12. 1) and (12. 22). 

b,, cluster integral of ! molecules, defined by equation (13. 5). 


C, Sutherland constant, Chapter 1, equation (1. 48). 

C, one of the three principal moments of inertia of a polyatomic molecule, Chapter 8. 

C, the number of quantum states of cells of a single molecule. C; is the number of 
cells for a molecule in a region j of » space with defined energy ¢ and energy 
interval Aje. C(e) Ae is the number of cells of energy between € and € + Ae. 
C differs from © in that the former refers to the quantum states (in »-space) 
of the molecules, whereas 2 refers to the number of states (in the y-space) 
of the complete system, or to a subdivision containing many molecules. 

C, the capacity of a condenser, Chapter 15. 
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Cy, heat capacity at constant volume, (0E/0T)y. 

Cy, heat capacity per mole at constant volume. 

Cp, heat capacity at constant pressure (0H /0T) p. 

Cp, heat capacity per mole at constant pressure. 

c, the velocity of light. 

c, subscript indicating the critical point, Chapters 12 to 14, or the Curie point in 
Chapter 15. 

cy, specific heat at constant volume, per gram. 

cz, velocity of propagation of transverse elastic waves, Chapter 11. 

ci, velocity of longitudinal elastic (sound) waves, Chapter 11. 


D, a distribution of the system, gencrally used as a subscript to some property of 
the system to indicate the value of the property when the system is in the 
fixed distribution D. 

D(u), the Debye function, defined by equation (11. 36). 

D, the electric displacement vector, equations (15. 51) and (15. 54). 

D,, Da, diffusion constants for molecules of kinds 1 and 2, equations (1. 72) and 
(1. 72°), 

D*, corrected diffusion constant, equation (1. 75’). 

d, the total differential operator, Appendix AI. 

d, used in the spectroscopic notation to indicate a one-electron level of orbital angular 
momentum 1 = 2. 

d, diameter of molecule, d; of molecule 1, etc., Chapter 1. 

dA, diameter of molecule in Angstrom units. 

do, Sutherland diameter for T = ~, equation (1. 48). 


E, energy of asystem. Except in Chapter 2, Z is reserved for the energy of a macro- 
scopic system and € is used for that of a single molecule. 

E, energy per mole. 

Eo, energy at T = 0, Chapter 16. 

&, the electric field vector, equation (15. 52). 

&t0c., the local electric field on one molecule. 

e, charge of an electron. 

e, the base of the natural logarithms. 


F, free energy (Lewis and Randall notation), the Gibbs free energy, or the free 
energy at constant pressure. 

F, free energy per mole. 

F,, the z component of the force. For a mechanical system Fz; = —(0U/0z)y,¢, 
where U is the potential energy, equation (2. 8). For a thermodynamic 
system FP, = — (0H /0r)5s,y,2, equation (3. 6). 

f, the number of degrees of freedom, the minimum number of coordinates necessary 
to specify the position of all parts of the system, section 2b. The symbol fy 
is used for the number of degrees of freedom of a molecule (half the number 
of dimensions of the u-space). fy is the number of degrees of freedom (in 
y-space) of the complete system, fy = Nfu. fy, is used in Chapter 8 for the 
number of vibrational degrees of freedom. 

f, spectroscopic notation for an electron level of orbital angular momentum l = 3. 

t, f(x), most commonly used to indicate any general function of some argument z. 
Some special cases are f1(v), fo(v), the distribution function normalized to 
unity, Chapter 1; f;; = f(riz) defined by equation (12. 8); f(€), some simple 
function of € used for €!/? and e?/? in Chapter 16. In general, f’(z) = df/dz. 
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G(z), a magnitude, such as temperature or average linear momentum, which varies 
with the coordinate z in a gas, Chapter 1. 

g, the degeneracy, or number of quantum states in a level. g is used instead of C if 
the energy difference between levels is appreciable, so that the level is natu- 
rally defined. 

g, the Landé g factor, defined by equations (15. 29) and (15. 30). 

g,g(z), used as f for any general function, in particular g(e€) of Chapter 16 is defined 
by equation (16. 27); g’(e) = dg/de, g’’(e) = dg’ /de. 


H, heat content, enthalpy. 

H, heat content per mole. 

JC, magnetic field, Chapter 15. 

H (p,q), the Hamiltonian, or energy as a function of the momenta p= and coordinates q. 
h, Planck’s constant of dimensions energy time. 


I, electric current, Chapter 16. 

I, moment of inertia, J = ur2, for a diatomic molecule, equation (7. 2). I() is 
defined by equation (7. 56). 

.Iz2, Iyy, moment of inertia of a body about the z axis and product of inertia, respec- 
tively, section 8d. 

i= “/ —1, the imaginary base. 

i, the internal quantum number; i is a symbol for a set of these numbers, if, as is 
usual, there are several degrees of freedom. Used as a subscript in Q; or Fi, 
it indicates the contributions to these functions due to the internal degrees 
of freedom. 

z, as a subscript to indicate a special molecule in Chapters 12 to 14. 

i, used as a subscript to indicate a special coordinate in Chapter 11. 


Jy, integrals defined by equation (16. 83) and evaluated in equation (16. 86). 

j, quantum number of rotation in a diatomic molecule, equation (7. 1). 

j, quantum number of the total angular momentum in an atom, section 6e. 

j, used as a subscript to C, N and € to indicate a region in the u-space, section 5b. 
j, used as a subscript to indicate a particular molecule, Chapters 12 to 14. 


K, the equilibrium constant. Ky is the equilibrium constant expressed in terms 
of the numbers of molecules, K, in terms of the numbers of moles, Kp in 
terms of the partial pressures. 

k, the Boltzmann constant, k = R/No. 


k, the magnitude of the vector k. 


kK, the vector of components k,, k,, kz. 
k,, k,, k,, the three quantum numbers of translation, equation (2. 16). 
k, the number of particles contained in an irreducible integral 6,, Chapters 13 and 14. 


L, length of the side of a cubic crystal, Chapter 11. 

L(z), Langevin function, L(z) = coth z — 2~}, Fig. 15. 3. 

l, variously used for a length. 

1, mean free path, Chapters 1 and 16. 

l, running index to indicate a level. 

i, quantum number of the orbital angular momentum in an atom, section 6i. 
i, the number of particles in a cluster, Chapters 13 and 14. 


M, molecular weight, the mass of an atom or molecule in atomic weight units, O = 16. 
M, the total mass of a system. 


476 GLOSSARY OF SYMBOLS 


M, the mass of the whole molecule, Chapter 1, as distinguished from that of the 
atoms. 

M, the magnetic polarization, equation (15. 26). 

m, the mass of an atom or molecule in grams, mNo = M. 

m, quantum number determining the projection of the total angular momentum on a 
unique axis, section 7a and Chapter 15. 

m,, used in Chapters 13 and 14 to indicate the number of clusters of ! molecules each. 

my, the number of molecules of kind ¢ produced in a chemical reaction, equation 
(9. 9). 

mole, unit of mass or quantity. One mole contains Mo molecules, and the weight 
in grams of a mole is equal to the molecular or formula weight of the molecules. 


N, the number of atoms or molecules in the system. Nj, Ng, are used to indicate 
the number of molecules of kind 1 or a in the system, or the number of mole- 
cules in the part 1 or a of the system. 

No, Avogadro’s number, No = 6.023 X 102%, the number of oxygen atoms in 16 
grams of oxygen. 

N;, the number of atoms or molecules in the region 7 of the u-space, section 5b. 

N (€), N(e) Ae is the number of molecules the energy of which lies between € and 
é + Ae. 

N(v), N(v), N (vz,0y,Vz;), the numbers of molecules of given velocities, defined in 
section lc. 

N(v), number of photons of frequency », defined analogously to N(e). 

n, the number of moles, N/No, in the system. 1 is also used for this quantity. nr 
indicates the number of moles of compound ¢, nz, the number of gram atoms 
of element X, in the system, Chapter 9. 

n, the number of atoms in a molecule, Chapter 8, nz, the number of atoms of the 
element X in the molecule, Chapter 9. 

71, M, in Chapter 1, the number of molecules per unit volume, of kinds 1 and 2. 

n, a general quantum number. 

Nz, Ny, Dz, quantum numbers of the elastic waves in a crystal, Chapter 11. 

my, power of the configuration integral 6, in a term of b,, Chapters 13 and 14. 


P, pressure. Unless otherwise indicated the unit is one barye. Subscripts mm. and 
atm. respectively indicate that the units of measurement are millimeters 
mercury or atmospheres. 

P;, partial pressure in the system due to molecules of the type ¢, Chapter 9. 

P,, critical pressure, Chapter 14. 

P,, pressure of saturated vapor, Chapter 14. 

P, probability. 

P, total angular momentum, Chapter 2. 

P, polarization, equation (15. 7). 

P, designation for a spectroscopic term with total orbital angular momentum unity. 

p, momentum, subscripts indicate coordinate to which the momentum is conjugated, 
Pz = mz, definition, equation (2. 1). 

p, spectroscopic notation for a one-electron level with orbital angular momentum 
t= 1. 

Po, dipole moment, Chapter 15. 

p, average projection of the dipole moment along a field, equation (15. 6). 

p(q), p(T), the dipole moment regarded as a function of the internal coordinates q 
of the molecule, and of the temperature, respectively. 
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Q, the partition function of a molecule, equation (6. 8). 

Qx, the factor in Q due to translation, equation (6. 15). 

Q,, the factor in Q due to internal degrees of freedom, equation (6. 15). 

Qs, Q5c, contributions (as factors) to Q due to the electric force 5, or magnetic field 
JC, Chapter 15. 

Q:, Q¢, the partition function of an atom of element X, or of a molecule of species ¢, 
respectively, Chapter 9. 

Q, the partition function of a system, equation (10. 14). 

Q,, the configuration integral, equation (10. 33). 

q, &@ general coordinate. 

i, 9,, normal coordinates. 

q = dq/dt, a general velocity. 

4, quantity of electricity, Chapter 15. 


R, the gas constant, R = Nok. 

7, the vectorial distance from a point or an axis. 

r, the magnitude of 7, the polar coordinate. 

- ro, the equilibrium distance between atoms of a diatomic molecule, Chapter 7. In 
Chapter 12, ro has the corresponding interpretation as the equilibrium dis- 
tance between two molecules bound by van der Waals’ forces, equations 
(12, 20) and (12. 29). 

ri;, distance between two molecules 7 and j, Chapters 12 to 14. 

r, a general quantum number, Chapter 2. 


S, entropy. 

S, entropy per mole. 

S, designation for spectroscopic term with total orbital angular momentum zero. 
8, spectroscopic notation for a one-electron orbit with angular momentum l = 0. 
s, Chapter 16, entropy density, S/V. 

s, Chapter 14, used as a subscript to indicate the saturated vapor. 

S, spin, section 6i. 

Sn, nuclear spin magnitude, section 7f. 

S, general quantum number, Chapter 2. 


T, temperature, 7, critical temperature in Chapter 14 and Curie temperature in 
Chapter 15. T7'm is discussed in sections 14h and 141. 

Tm, & term of a sum, section 13c. 

T, kinetic energy. 

T(q,q), kinetic energy as a function of the coordinates and velocities, Chapter 2. 

T (p,q), kinetic energy as a function of the momenta and coordinates. 

t, time. 

t, as a subscript, indicates total. 


U, U(q), Chapter 2, potential energy. 

U, U(q), Chapters 10 to 14, potential energy of the macroscopic system. 

U = E/V, energy density of radiation, Chapter 16. 

U(v,T), energy density of radiation, equation (16. 13). 

u, u(q), potential energy of one molecule. 

u, potential energy difference of one electron inside and outside of a metal, Chap- 
ter 16. 

uj; = u(r;j), potential energy of the pair of molecules i and j, Chapters 12 to 14. 

tto, absolute value of the minimum in the potential between a pair of molecules. 
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u = hv/kT for a diatomic molecule, Chapter 7; 
= hym/kT = 6/T, for the maximum Debye frequency »m, Chapter 11; 
= hy/kT for radiation, Chapter 16. 

uy = hy,/kT for the frequency »; of the crystal, Chapter 11. 

u, velocity of plates in the viscosity consideration, section li. 

@,; vectorial velocity, Chapter 1. 

u, Magnitude of wu. 

Ug, Uy, Us, components of wv. 


V, volume. 

V, volume per mole. 

V., critical volume per mole. 

U, voltage, Chapter 15. 

v, volume per molecule, V/N, Chapters 12 to 14. 

Vs, Vc, Volume per molecule of saturated vapor, and at critical point, respectively. 
vz, volume available to an atom of kind z in the system, section Qe. 
vo, volume of one molecule, defined by equation (12. 21). 

v, vectorial velocity, Chapter 1. 

v, magnitude of v’. 

Vz, Vy, Vs, components of v. 

v, quantum number of vibration. 


», v’, average value of v and v’, respectively. 


W, phase volume measured in units of h’, the classical equivalent of 2, definition 
equation (2. 38). 

W(E) AE, phase volume between EF and EF + AE. 

w, work function of a metal, equation (16. 54). 

w, a probability. 

Wer, transition probability between two quantum states s and r. 


X, a thermodynamic function. 

X, the Cartesian coordinate of the center of mass. 

X, a symbol for an atom of a particular element. 

z, the Cartesian coordinate. 

7, as a subscript it refers either to the Cartesian coordinate or toan atom of element X. 


Y, Cartesian coordinate of the center of mass. 
y, Cartesian coordinate. 
y = jgB3C/KT, in section 15i. 


Z, Cartesian coordinate of the center of mass. 

Z, introduced as an undetermined multiplier, equation (13. 14), is later shown to 
be the fugacity, measured in units of molecules per unit volume, equation 
(13. 50). 

Z, number of molecules striking a square centimeter of wall per second, Chapter 1. 


a, an arbitrary constant in Chapter 1, later shown to be m/2kT, equation (1. 27). 

a, introduced as an undetermined parameter in equation (5. 11) and later identified . 
with —pu/kT. 

a, a spin function. 

a, a direction cosine, section 8d. 

a, a coefficient in the equation for the value of a spectroscopic term of a diatomic 
molecule, giving the rotation-vibration interaction, definition, equation (7. 24). 
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a, coefficient of linear expansion, equation (11. 11). 

a, polarizability, defined by equation (15. 10). 

8, a spin function. 

8, an undetermined parameter introduced in Chapter 5 and later identified with 1/kT7. 

8, a direction cosine, section 8d. 

8, the Bohr magneton, equation (15. 31). 

8, an interaction integral between two molecules, defined by equation (12. 12) and 
identical to 61 in Chapters 13 and 14. 

Bo, limit of the kth root of ,. 

8,, irreducible integrals of the interaction between k + 1 particles, defined by equa- 
tion (13. 25). 


I'(z), flow of G, Chapter 1. 

Ir, total flow, 1 +Te. 

I',*, corrected diffusion. 

I, heat current in Chapter 16. 

y, the symmetry number, +; is the symmetry number of a molecule of kind ¢, defined 
in section 9d. 

7, a direction cosine, section 8d. 

7, the ratio of the rotational constant to the vibrational wave number of a diatomic 
molecule y. = B./we, equation (7. 29). 

Yc, the activity coefficient, equation (13. 51). 

y-space, defined in section 2d, the phase space of the whole system. 


A indicates the difference between two values of a variable. AX for a chemical 
reaction, with X some thermodynamic property of the system, is the increase 
of the value of X if the chemical reaction proceeds as written in the accompany- 
ing chemical equation. The coefficients preccding the formulas indicate the 
number of moles consumed or produced in the reaction. AX° is the change 
in the value of X if the number of moles of reactants indicated by the equa- 
tion are converted from standard conditions of unit pressure or concentration 
to the products at unit pressure or concentration. 

0, the partial differential coefficient, Appendix AI. 

6, an infinitesimal increment. 

6, = a/B,, Chapter 7, equation (7. 30). 

6;, phase factor in Chapter 11. 


€, the energy per molecule, in distinction to E the energy per mole, and E the energy 
of the system. The subscripts k, i, v, j, or jm refer respectively to the addi- 
tive contribution to the energy due to, and as a function of, the translational 
quantum number k, the internal quantum number i, the vibrational num- 

_ ber v, or rotational numbers j or jm. 

€, average energy per molecule. 

€, dielectric constant, defined by equation (15. 8). 


g, cos 8. 
¢, a running index to indicate a type of molecule, Chapters 8 and 9. 


n, an unknown in a set of equations, the three solutions of which are the principal 
: » moments of inertia, A, B, and C, Chapter 8. 

n, coefficient of viscosity, Chapter 1. 

6, an angular coordinate. 

6 = hym/k, Debye temperature. 
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x, heat conductivity, Chapters 1 and 16. 

x, compressibility, equation (11. 12). 

A, the number of isomers possible if the identical atoms of a polyatomic molecule 
were numbered and permuted, section 8e. 

A, wavelength. 

X, @ running index for the normal coordinates of a polyatomic molecule. 


ut, the reduced mass of a diatomic molecule, defined by equation (7. 2). 

us, the chemical potential, definition in section 4h. 

uo = «(0), the chemical potential at 7’ = 0, equation (16. 21). 

Ho, permanent magnetic moment per atom, equation (15. 30). 

#, the average component of the magnetic moment per atom parallel to the direction 
of the magnetic field. 

Hm, the component of u parallel to the magnetic field for an atom in the quantum 
state m. 

p-space, phase space of one molecule, section 2d. 


y, frequency, sec.~?. 


yo, Einstein frequency of a crystal, Chapter 11. 
Ym, Maximum Debye frequency, section 11g. 
v;, frequency associated with the normal coordinate 1, Chapter 11. 


£, vibrational coordinate of a diatomic molecule. 
£;, £;, displacements from the equilibrium position in a crystal, Chapter 11. 


i=N 
II, product symbol, i reads: the product over all (integral) values of i running 


from one to N inclusive, of the following expression. (Appendix AI.) 
x, 3.1416. 
x, defined by equation (4. 12) and later identified with pressure. 


p, a parameter of the dimensions of reciprocal volume, determined by equation (14. 5) 
and later identified with 1/v,. 
i=N 
>, summation symbol, )* reads: the sum over all (integral) values of i from one to 
i=l 


N of the following expression. (Appendix AI.) 
>., singlet state for diatomic molecules. 
o = h?/8x°IkT, defined in equation (7. 4). 
a, electrical conductivity, defined in equation (16. 63). 


7, defined by equation (4. 11) and later identified with the temperature. 

7, @ vector determining the direction of propagation, and the magnitude of the wave 
number, of an elastic wave in a crystal, Chapter 11. 

Tx, Ty) Te, components of 7. 

r, the magnitude of 7’. 

dr; = dz,dy,dz;, the element of configuration volume for molecule i. 


¢, an angular coordinate. 

¢, an arbitrary function. 

¢(r), the potential energy between a pair of molecules at the distance r, Chapter 11. 
¢, electrical potential, Chapter 16. 


x, the magnetic susceptibility, defined by equation (15. 27). 
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YW, the Schrédinger wave function, definition in section 2f. 
y, the Schrédinger wave function. 
y, an angular coordinate, section 8d. 


Q, the total number of quantum states available to a system, definition in section 2i. 

Q, a solid angle. 

w, wave number, v/c, particularly for the characteristic frequency v of a diatomic 
molecule. The distinction between wo and w, is discussed in the beginning 
of section 7d. 

w, @ probability. 


PROBLEMS 


1.1. Using the method of section le, derive the velocity distribution functions 
Ni (vz,0y,vz) and No(vz,vy,vz) of two kinds, 1, and 2, of molecules of masses m1 and ma, 
respectively, in the same volume V. Note: There are three kinds of collisions, 
those between two molecules of mass mj, two molecules of mass me, and those be- 
tween a molecule of mass m; and one of mass m2. The distribution functions must 
be such that equilibrium exists with respect to all three kinds of collisions. 

Show how the results of this calculation lead to a proof of the statement that the 
average kinetic energy of the molecules of a perfect gas is a function of the tem- 
perature alone. 

Show how this also leads to Avogadro’s law: equal volumes of different gases at 
‘the same temperature and pressure contain the same number of molecules. 

1. 2. In an infinite space the density of molecules of a perfect gas at some point 
is assumed to be known, and it is known that the velocity distribution at this point 
is Maxwellian. ‘There is also known to be a gravitational force of g dynes per gram 
acting uniformly in the negative z direction on each molecule. Assuming all the 
molecules to have the same mass, and assuming that there are no collisions, calculate 
both density and velocity distribution as a function of position in the space such 
that there is a steady state, that is, such that as many molecules enter as leave each 
element of positional and velocity space. 

Express the result in one function, N (z,y,2,vz,vy,vz) such that N (2,y,2,02)0y,V2) dx 
dy-++dv, gives the numbers of molecules having coordinates lying between z 
and xz + dz, etc., and velocities between vz and vz + dvz, etc. 

Note what the potential energy of w molecule is at the height z. 

1. 3. Consider a column of gas in the atmosphcre subject to the constant gravita- 
tional force g per gram. Using the effect of the weight of the gas in changing the 
pressure with height, and using the perfect gus law, derive an equation giving the 
density of molecules, at constant temperature, as a function of the height. Compare 
this result with that of the previous problem. 

1.4. Calculate the viscosity coefficient of a gas if the pressure is so low that the 
mean free path J is much larger than the distance between the plates considered in 
section li. Assume that there is no slipping at the plates. 

1. 5. Calculate the heat conductivity of a gas at so low a pressure that the mean 
free path is much greater than the distance between the plates (section 1j}). Assume 
that the molecules leave each plate in temperature equilibrium with that plate. 

2.1. Draw, in the two-dimensional phase space of an oscillator, the classical 
paths corresponding to the quantum-mechanically allowed energies. Show that 
these lines separate the phase space into cells of volume h. Show in detail for the 
classical oscillator that the Liouville theorem holds. 

2.2. Draw, in the two-dimensional phase space of a rotator in a plane, the lines 
of constant energy which separate the phase space into cells of volume 4, starting 
with the line of zero energy. Calculate the energy of these states. Compare the 
results with equation (2. 25) for a rotator in three-dimensional space. 

Show in detail that the Liouville theorem holds for the classical rotator in a plane. 
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6.1. Assume the Boltzmann distribution law for the relative numbers of mole- 
cules in two non-degenerate quantum states, and using this alone derive the expres- 
sion for the number of molecules in one internal quantum state in terms of the total 
number of molecules. 

From this result derive the expression for the total internal energy, £,, of the gas. 
By thermodynamic transformations derive from this the expressions for the other 
thermodynamic functions, C;, S;, A;, assuming that the internal entropy at 0°K is 
Nk In go, with go the number of internal states of zero energy. 

6.2. Calculate the internal contribution to the heat capacity, per gram atom, 
of fluorine atoms between 0°K and 3000°K (at 100° intervals to 1000°K and 250° 
intervals from 1000°K to 3000°K). Plot the results against 7. See page 142 for 
data. 

6.3. For the monatomic gas considered on page 143 derive an equation relating 
go, gi, and u at the temperature for which the heat capacity, Cy, is a maximum. 
Solve this equation for 7’ if g; is extremely large. Plot Cj and E, in the neighborhood 
of this temperature for gi = 10°, gp = 10°; for gi = 10'7, gy = 10°; and for 
gi = 1048 go = 10°. Change the value of ¢ in each case so that the maxima in the 
C; curves occur at about the same temperature in each case. 

Do these plots suggest any explanation of the behavior of a crystal in melting 
sharply at one temperature to a liquid? 

7.1. Calculate the thermodynamic functions F, S, H, and Cp for HC! at 100°K, 
200°K, 273.1°K. 

7.2. Calculate the thermodynamic functions F, S, H, and Cp for Togas) at 300°K, 
600°K, and 900°K. 

8.1. In the linear molecule COs, assume that there are no forces between the two 
oxygen atoms, and calculate the ratio of the two higher frequencies. Compare with 
the values at the bottom of page 186. 

8.2. What are the symmetry numbers of the following molecules: CH4, CH3Cl, 
CHeCle, CHCl3, CCl, HeCO, (CH2)3 (cyclopropane), CO2, (CH2)e (cyclohexane, 
a, assuming the carbon atoms to lie in one plane; and assuming the tetrahedral 
angle to be preserved in which case there are two forms, b, the ‘‘ bathtub ” form 
with four carbon atoms in one plane, c, the ‘‘ armchair ” form with alternate carbon 
atoms in differing parallel planes). 

9.1. Prove generally, by the use of the classical partition function, that for 
a classical system, if the potential energy of the molecule is independent of its 
isotope composition, then no separation of isotopes can be obtained in a gas- 
eous chemical reaction, even if the effect of the differing masses of the isotopes is 
considered. 

9.2. (a) For a reaction such as 


HCl + DBr + DCl + HBr 


show by the use of the quantum-mechanical partition function that at sufficiently 
high temperatures the equilibrium constant is unity (by expanding the partition 
functions in power series of the inverse temperature). 

(b) Calculate the power series development in inverse powers of the temperature 
for the equilibrium constant of such a reaction. 

(c) Calculate the numerical value for the equilibrium constant of the above re- 
action at 300°K. (The power series expansion will not be applicable at this tem- 
perature.) 
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10. 1. (a) If P(pi,p2,-++, pyqi,+**, Qs) Gpi+++dgy is the (classical) prob- 
ability that the system is in the element of phase space between p; and p; + dp, 


etc., show that 
S = —kf f+ fPinPdpy--+ dy. 


(b) If P, is the (quantum-mechanical) probability that the system is in the quan- 
tum state n, show that 


S = —k XD Paln Pp. 
n 
10. 2. (a) If the free volume per atom V of a classical system is defined by the 


equation 
ae SS oe fe OOM? dry ++ dry, 


in which U is the average potential energy of the system and U is the potential 
energy as a function of the coordinates, prove that 


=). i/2 eB Nil? + In v| ; 


S =i yn NI 


(b) In what sense does it seem to be justified to refer to the quantity V defined 
above as a “ free volume ”’ per atom of the system? 

11.1. Plot heat capacity per gram atom against temperature for a monatomic 
(Debye) regular crystal, the atoms of which have two internal non-degenerate 
quantum states of energies zero and ¢, with both ¢ = hvm/20 and with e¢ = 2hvm. 
Assume that the internal quantum states do not interact with the lattice vibrations. 

14.1. Assuming that at the critical temperature and density only the terms for 
k equal to 1 and 2 are appreciable in the virial development, calculate the relation 
between §; and 82 which would determine the critical temperature. Calculate the 
value of Pv/kT at the critical point on this assumption. 

14. 2. For a system containing N identical monatomic molecules in a volume V, 
distribution functions Fy (x1,y1,21,%2, °+* ,2n) of the coordinates of n specified mole- 
cules may be defined by the statement that 


1 
ya Pala ++ 2n) dxy°++ dan 


is the probability that simultaneously molecule 1 will be in a volume element of 
volume dz, dy; dz, at the place z)y)21 and «++ molecule n in the element of volume 
din dyn dZn at TnYnZn. 

Derive the formal expression for F,, which involves integration in the configuration 
space, and the potential energy of the whole system. 

Derive the equation 


h? = \3/2 0O-(N+1V,7T) WN! | yo” 
Goat 7 Cap R tS nihil Nt, lls ch ARTS ore a a 
a) = (V+i)! 0,(,V,7T)  °L! + 2% n | Sf 
f Py(21, +++ sn) Ip dr1+++drges: ire, 
$a 


in which fo; = e~“oi/*7 —1, and uo; is the mutual potential of the molecule i and 
the molecule 0 which is located, for convenience, at the origin of the coordinate 
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space. It is necessary to assume that the total potential energy of the system is the 
sum of that between pairs of molecules as was done throughout Chapters 13 and 14. 

If strong repulsive forces are assumed between molecules at short distances of 
approach can one predict a priori whether the above serics will converge even in a 
liquid or crystal? 

16.1. Calculate the ratio of the heat leak in a Dewar flask due to radiation to 
that due to gas conduction. Assume the gas to be monatomic argon, for convenience, 
and that it is at a pressure of 10"? mm. mercury. (Mean free path is greater than 
the distance between walls; see problem 1.5.) Calculate the ratio when the outer 
walls of the Dewar are at 300°K and the inner vessel at 80°K (liquid air), when the 
inner vessel is at 200°K, and when the inner vessel is at 373°K. Assume first that 
the accommodation coefficient for the atoms on the walls is unity, and that the walls 
are black-body radiators. How is the heat loss duc to radiation altered if the inner 
wall of the Dewar is silvered so that it becomes a 90 per cent reflector? if only the 
outer wall is silvered? if both walls are silvered? 

16.2. How many watts energy are required to keep a black cube with a 1-cm. 
edge, in vacuum, at 500°K, at 800°K, at 1000°K, at 2000°K? Assume that the 
surrounding walls are also black and are at 300°K. 

16.3. The heat generated at any place in the metal is equal to the work done on 
the electrons minus the excess of heat carried away, or 

or 
dears 

Calculate the heat generated at a region in the metal, and identify the various 
terms with the Joule heat, the heat brought into the region by heat conduction, and 
the heat due to the Thomson effect. 

16.4. (a) Derive general equations for the thermodynamic functions of an Einstein- 
Bose gas with internal degrees of freedom. 

(b) If only two non-degenerate quantum states of energies zero and e, respectively, 
are appreciably excited, derive the equations for the condensation temperature as a 
function of e. What is the ratio of the condensation temperature for such a gas as 
e approaches zero to that of a gas with only one non-degenerate state of zero energy? 

16.5. Show that a two-dimensional perfect Einstein-Bose gas does not condense. 
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References are to pages; bold face type indicates definitions or 
more important references. 


Alkali atom, 142 
Ammonia molecule, 199 
Angular momentum, see Momenta 
Antisymmetric eigenfunctions, 64, 65, 
123, 176-176, 196, 363, 374 
Argon, boiling point, 122 
heat conductivity, 27 
_ viscosity, 27 
Atom, 52 
Atomic spectral terms, 140-141 


Benzene molecule, 185 
Binomial coefficient, 436 
Black-body radiation, 365-374 
definition, 365 
distribution function, 366, 370 
pressure, 373 
quantum states, 368 
thermodynamic functions, 372-374 
Bohr magneton, 344 
Boltzmann system, definition, 66-67 
perfect gas, limit of treatment as a, 
120-122 
perfect monatomic gas treated as a, 
114-122 
Bose-Einstein system, 63-67 
Brillouin function, 346-348 


Calculus, notation of, 427-430 
Canonical ensemble, 219 
Carbon dioxide molecule, 186 
Cell method for liquid partition func- 
tions, 319-326 
Cells, as synonym for quantum states, 
42, 58, 68, 110, 123, 201, 221, 
363, 401 
number of, 54-55 
number of translational, 54-55, 110, 
375, 416 
Chemical equilibrium constant, 207 
Chemical equilibrium im gases, 203-217 


Chemical estimation, 215 
Chemical interpretation, 213 
Chemical reactions involving isotopes, 
210 
Chemical potential (see also 
dynamic functions), 
438-440 
in a gas, 126 
in a gaseous mixture, 203 
in a reaction at equilibrium, 205-207 
Clausius-Mossotti formula, 339 
Cluster integrals, 278-288, 297-299, 
455-459 
Coefficients, binomial, 436 
multinomial, 436 
of terms in the cluster integrals, 455-456 
Collisions, in a perfect gas, 18-22 
of electrons in metals, 397-407 
Combination of independent systems, 
49-53, 63-67 
Combinatory problems, 435-438 
Complex numbers, 43, 46 
Condensation, from an imperfect gas, 
295-317 
in an Einstein-Bose system, 418-426 
van der Waals’, 272-274 
Configuration integral, 229-230 
evaluation, 277-284 
Configuration space, 133, 215-217, 281, 
277 
Conversion table for energy units, 471 
Coordinates, 35-36 
and configuration space, 229-230 
and phase space, 39 
Eulerian angles, 192 
normal, of crystals, 238, 248 
of polyatomic molecules, 183 
polar, 35, 37 
Corrections for high temperatures in 
diatomic gas functions, 163- 
166, 452-453 


Thermo- 
104-108, 
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Critical point, 308-314 
in a van der Waals’ gas, 270 
Crystals, 237-261 
classical treatment, 240-242 
Debye function, 251 
Debye treatment, 249-255 
general thermodynamic 
243-245 
normal coordinates, 238, 248 
one-dimensional model, 246-248 
stress and strain, 258--261 


functions, 


Debye formula, 251 
Definite integrals, 430 
Degeneracy, 44 
Degenerate gas, sec Hinstein-Bose gas; 
Fermi-Dirac gas 
Degrees of freedom, 35 
number of, in crystals, 237, 251 
in polyatomic molecules, 181 
Diatomic molecules, 51-52 
constants (table), 468-469 
gas composed of, 149-177 
classical thermodynamic functions, 
171 
classical treatment, 167-171 
elements, 172-178 
high-temperature corrections, 162- 
166 
nuclear spin, 174-178 
oscillator contributions, 
444 
tables, 445-447 
rotator contributions, 151-157, 448— 
449 
tables, 450-452 
symmetrical molecule, 172-178 
thermodynamic functions, 443-453 
with gencral molecules, 160-171 
quantum levels, 51-652, 149 
quantum levels of general molecule, 
160, 452 
Dielectric constant, 331-340, 361 
Diffusion in gases, 27—30 
Dipoles, 327-330 
non-rigid, 335-338 
Distribution, black-body radiation, 367, 
371 
concept, 78-80 
example, 74-77, 89-90 


157-160, 


SUBJECT INDEX 


Distribution, Gaussian, 76-77 
Maxwell Boltzmann, 10-17, 119-120 
number of quantum states, 88 
of energy among atoms, 110-114 
of molecules, with respect to clusters 
in space, 283-284 
with respect to internal states, 132- 
134 
with respect to kinetic energy, 10—- 
17, 119-120 
with respect to space, 74-77, 325- 
326 
with respect to velocity, 10-17, 119- 
120 
probability of a, 79 
the most probable, 80-81, 88 


Kigenfunctions (see also Symmetric 
cigenfunctions; Antisymmetric 
eigenfunctions), 43-45 

and configuration integral, 231 
of a mass point in field free space, 46 
of electrons in metals, 389-390 

Eigenvalues, see Quantum states 

Einstein heat capacity equation for a 
crystal, 245 

Kinstein-Bose gas, 63-67, 111-113, 416- 
426 

condensation, 418 
integrals, 419 
thermodynamic functions, 421 

Einstein-Bose systems, 63-67 

Elastic constants, 259-261 

\lectric displacement vector, 357ff 

Electric field, 327ff 

thermodynamic functions for systems 
in an, 356-362 

Electrical conductivity of metals, 399, 
407-409 

Electron gas in metals (see also Fermi- 
Dirac gas), 364, 387-390 

Energy (see also Thermodynamic func- 
tions), 1 

arbitrary zero, 134-135 

conversion of units (table), 471 

fluctuations in a system of fixed tem- 
perature, 227 

kinetic, 1, 5, 9, 86, 147 

levels, see Quantum states 

potential, 1, 38, 145, 230-231 
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Energy, potential, of a crystal, 238 
of a diatomic molecule, 167 
zero point, of a crystal, 240ff 
of a Fermi-Dirac gas, 374-377 
of an oscillator, 48, 150 
Entartung (see also Einstein-Bose gas; 
Fermi-Dirac gas), 44, 364 
Enthalpy, see Heat content 
Entropy (see also Thermodynamic func- 
tions), 86, 92-98, 104-107, 438- 
440 
and uncertainty of energy, 100-102 
of isotope mixing, 138-140, 209-213, 443 
Equilibrium (see also Distribution), 81 
chemical, see Chemical equilibrium 
constant, 207 
distribution, 80-81 
position of atoms, in crystals, 237 
diatomic molecules, 149 
table of, 468-469 
polyatomic molecules, 179-181, 195- 
199 
thermodynamic criteria, 104-108 
Ergodic systems, 56, 62, 83 
Error function (Gaussian), 76 
Ethane molecule, 148, 189, 197 
Kulerian angles, 192 
Euler-Maclaurin summation formula, 
152, 431-432 


Factorial, 432-433 
Fermi energy, 375 
Fermi-Dirac gas, 63-67, 111-114, 374-414 
distribution function, 378, 381 
integrals, 378-385 
zero point energy, 375-377 
zero point pressure, 377-378 
Fermi-Dirac systems, 63-67 
Ferromagnetism, 348-352 
First law of thermodynamics, 86 
Forces, 38 
thermodynamic, 70—74, 96-97 
Free energy (see also Thermodynamic 
functions), 105-108, 488-440 


Gamma space, 40, 68 

Gases (see also Perfect gas; Imperfect 
gases; Diatomic molecules; 
Polyatomic molecules, etc.), 
imperfect, 262-294 
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Gases, mixtures, 201-203 
perfect, 1-30, 109-217 
Gaussian distribution, 76 
Gibbs’ phase integral (see also Partition 
function), 223, 229, 234 
Gibbs’ statistics, 218ff 


Halogen atom, 142 
Hamilton function, 38 
Harmonic oscillator, see Oscillator 
Harmonic vibrations in crystals, 237-240 
Heat capacity (see also Thermodynamic 
functions), 438—440 
Heat conductivity, in gases, 26-27 
in metals, 397-399, 409-411 
Heat content (see also Thermodynamic 
functions), 438-440 
Heisenberg uncertainty principle, 41-42, 
62, 101 
Helium, 121 
heat conductivity, 27 
liquid, 414-426 
viscosity, 27 
Helmholtz free energy (sce also Thermo- 
dynamic functions), 105-108 
Hindered rotation, 148, 189, 197-198 
Hydrochloric acid molecule, 151, 469 
Hydrogen molecule, 122, 151, 157, 166, 
177-178, 468 


Identical particles, 63-67 
Imaginary numbers, 43 
Imperfect gases, 262-294 
condensation, 295-317 
critical point, 308-314 
general theory, 277-294 
potential energy, 277 
thermodynamic functions, 291-293 
van der Waals’ equation, 262-276 
Inhibitions, 81-85 
Iodine molecule, 151, 157, 166, 469 
Irreducible integrals, 285ff 
temperature dependence, 305-308 
Tsotope mixing, 1388-140, 209-213 


Kinetic energy, 1, 36-38 
Kirchhoff’s law, 367 


Landé g-factor, 343-345 
Langevin function, 330 
figure, 347 
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Lattice, see Crystals 
Law of corresponding states, 269-272 
Liouville theorem, 58-63 

in quantum mechanics, 56-58 
Liquid, cell method of treatment, 319- 

326 

condensation to a, 295-317 
Liquid helium II, 414-426 
Lorentz-Lorenz force, 338 


Magnetic cooling, 352-356 
Magnetic fields, 327ff 
Magnetic susceptibility, 340-348 
Magneton, 344 
Maximum frequency of crystal oscil- 
lators, 251 
Maximum term in configuration integral 
development, 283-284 
Maxwell-Boltzmann collision equation, 
401-407 
Maxwell-Boltzmann distribution law, 
10-17, 119-120 
Mean free path, of electrons in metals, 
397, 400, 405 
of molecules in a perfect gas, 18-22 
table, 21 
Meniscus, temperature of disappearance 
of, 310-314 
Method of undetermined multipliers, 
113, 201, 222, 283, 297, 370, 
433-435 
Mixture of gases, 201-203 
Molecules, ammonia, 199 
benzene, 185 
carbon dioxide, 186 
diatomic (see also Diatomic molecules), 
52 
ethane, 148, 189, 197-198 
hydrochloric acid, 151, 469 
hydrogen, 122, 151, 157, 166, 177-178, 
468 
nitrogen, 151, 468 
oxygen, 151, 468 
polyatomic (see also Polyatomic mole- 
cules), 179-199 
Momenta (see also Phase space), 36ff, 58 
and uncertainty principle, 41-42 
angular, 37, 48, 145, 149, 193 
conjugate, 36 
linear, 4, 9, 36, 46 
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Moments of inertia, 37, 49 
of diatomic molecules, 149, 167 
table, 468-469 
of polyatomic molecules, 189, 192, 454 
Mu space, 40, 110, 124 


N-dimensional sphere, volume, 116, 243, 
433 
Neon, boiling point, 122 
heat conductivity, 27 
viscosity, 27 
Nitrogen molecule, 151, 468 
Normal coordinates, of crystals, 238, 248 
of polyatomic molecules, 183, 185 
Nuclear spin, 52, 185-138 
in diatomic molecules, 52, 174-178 
in isotope equilibrium, 213 
in polyatomic molecules, 196 
Number, of cells of translation, 54-55, 
110, 375, 416 
of degrees of freedom, 35, 181, 237, 251 
of molecules hitting a wall, 17-18 
with given velocity, 5-8 
of quantum states of a system, 54ff, 
58, 86ff 
of terms in cluster integrals, 455-459 
of ways of putting balls in boxes, 435-— 
438 


Optically active isomers, 180 
Ortho-hydrogen, 177-178 
Oscillator, 47-48 
and electric moment, 335-338 
deviations from harmonic behavior, 
160-161, 452-453, 467 
in crystals, 237ff, 258 
in diatomic molecules, 149, 157-160, 
444 
mechanics, 47-48 
thermodynamic functions, 
444 
table, 445-447 
Oxygen molecule, 151, 468 


157-159, 


Para-hydrogen, 177-178 
Paramagnetism, 340-342 
in quantum mechanics, 342-348 
Partition function (see also Thermody- 
namic functions), internal, of a 
molecule, 128 
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Partition function, of a molecule, 1238— 
129 
of a system, 220—223, 230 
separation as a product, 127-128 
Perfect gas, 109-199 
degenerate (see also Einstein-Bose gas; 
Fermi-Dirac gas), 363-426 
diatomic (see also Diatomic molecule), 
149-178 
diffusion, 27-30 
equation of state, 5, 9, 117-119, 180 
general thermodynamic equations, 
129-132 
heat conduction, 26—27 
mean free path, 18-22 
monatomic, 109-122 
number of molecules hitting a wall, 17- 
18 
polyatomic (see also Polyatomic mole- 
cules), 179-199 
pressure, 5, 8, 117-119, 180 
simplified model, 3-5 
symmetry number, 172-178, 195-199 
thermodynamic functions, 129-131, 
440-453 - 
viscosity, 22-26 
Phase changes, 274-276, 317-319 
condensation, 295-317 
Phase space, 38-40, 69, 228, 232, 242 
and symmetry number, 196-199 
examples, 40, 59 
integral, see Gibbs’ phase integral 
Liouville theorem, 58-63 
probability in, 62 
quantum states in, 42, 44, 69 
uncertainty principle, 41-42 
Physical constants, table, 470 
Planck distribution law, 370 
Polarization, electrical, 331-335 
Polyatomic molecules, 179-199 
hindered rotation, 148, 189, 197-199 
isomers, 180 
number of degrees of freedom, 181 
oscillators in, 183-191 
potential minima, 180 
rotation, 191-194 
symmetry number, 195-199 
thermodynamic functions, 194, 454 
Pressure, 72-73, 92, 96-97, 235 
Einstein-Bose gas, 426 


Pressure, Fermi-Dirac yas, 386 


imperfect gas, 262, 291, 301 
mechanical origin, 4, 78 
perfect gas, 4, 8, 117-119, 130 
radiation pressure, 373 

van der Waals’ equation, 262 
virial equation, 291 

zero point pressure, 377-378 


Probability, see also Distribution 


equal, of equal volumes in phase space, 
58-63 

equal, of quantum states, 53-58 

of a configuration, 133, 230-231 

of a molecule being in an internal 
state, 132-134 

of cards after shuffling, 88—90 

of a dipole orientation, 328-329 

of distribution of independent particles 
in space, 74-77 

of energy of a molecule, 123 

of kinetic energy of a molecule, 5ff, 14, 
112-114, 120 

of orientation of magnetic moments, 
340, 345 


Quantum states, 42-45 


density of, in phase space, 42, 44, 62, 
69 
equal probability, 53-58 
in magnetic fields, 345 
number of, available to a system, 54, 
68, 86ff 
for a distribution, 79 
translational, 54-55, 110, 375, 416 
of a crystal, 329 
of a diatomic molecule, 52, 149, 160, 
443, 452 
of a particle in field free space, 47 
of a rotator, 48-49 
of a symmetrical top, 49 
of an oscillator, 48 
of atoms, 52-53, 140-141 
of Einstein-Bose systems, 65, 66, 111 
of Fermi-Dirac systems, 65, 66, 111 
of some simple systems, 45—49 


Radiation field (see also Black-body 


radiation), 365-374 
thermodynamic functions, 372-374 


Rayleigh’s law, 370 
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Refractive index, 333-335 
Reversibility, principle of complete, 11, 
56 
Richardson effect, 390-395 
Root mean square velocity, 16 
Rotation, of diatomic molecules (see also 
Rotator), 52, 151-157 
interaction with vibration, 160-161 
of polyatomic molecules, 191-194 
contributions to thermodynamic 
functions, 194, 454 
Hamiltonian, 193 
hindered, 148, 189, 197-198 
moments of inertia, 192, 454 
Rotator, 48 
even and odd states, 150, 154-157 
in diatomic molecules, 61, 151-157 
partition function, 153 
thermodynamic functions, 
448-449 
table, 450-452 
Russell-Saunders notation, 140-141 


154-155, 


Saturated vapor, 295-317 
thermodynamic functions, 314-317 
volume per molecule, 303-305 

Schrédinger equation, 43 

Second law of thermodynamics, 86ff, 

105-108, 438-440 
validity, 98-100 

Specific heat, see Heat capacity 

Spectroscopic notation, 140-141 

Spherical coordinates, 35 

Stationary state, 24, 30, 301 

Stirling approximation, 432-433 

Strain and stress in crystals, 258-261 

Summation formula, 152, 431-432 

Superconductivity, 388, 400 

Susceptibility, magnetic, 340-348 

Symmetric eigenfunctions, 64, 65, 123, 

176-176, 196, 363, 368, 416 

Symmetrical top, 49, 192 

Symmetry number, in diatomic mole- 

cules, 172-178 
in polyatomic molecules, 195—199 

Systems, 1, 31, 33, 45, 49 
at constant energy, 86-100 
at constant temperature, 218-236 
combination of independent, 49-53, 

63-67 


Systems, composed of dependent par- 

ticles, 218-236 

composed of independent particles, 
123ff 

eigenfunctions, 64 

Einstein-Bose (see also Einstein-Bose 
gas), 65 

Fermi-Dirac (see also 
gas), 65 

partition function, 222~—223 

simple examples, 45—49 

thermodynamic functions, 95-97, 236- 
236 


Fermi-Dirac 


Temperature, 5, 92, 96 
Theory of functions of a complex vari- 
able, 459-467 
Thermionic emission, 390-395 
Thermodynamic forces, 70-74, 96-97 
Thermodynamic functions, 105-108, 
438-440 
of an oscillator, 158-159, 444 
table, 445-447 
of a rotator, 154-155, 448-449 
table, 450-452 
of crystals, 240-245, 251-255 
of diatomic molecules, 154-155, 158— 
159, 165-166, 443-453 
table, 445-452 
of general gases, 130-132 
of imperfect gases, 291-293 
of monatomic gases, 143 
of polyatomic gases, 194, 454 
of saturated vapor, 314-317 
of systems in electric fields, 356-361 
of systems of dependent molecules, 
235-236 
Thermodynamic state, 69 
Thermoelectric potential, 412-414 
figure, 414 
Third law of thermodynamics, 103-104 
Transition probabilities, 56—58 
Translational quantum states, 47, 64-55 
number of, in an energy range, 55, 110, 
375, 416 


Uncertainty in energy, 100-102 
Uncertainty principle, 41-42, 62, 101 


SUBJECT INDEX 


Undetermined multipliers, method of, 
113, 201, 222, 283, 297, 370, 
433-435 


Van der Waals’ gas, 262-276 

Velocity, averages in a gas, 14 

Vibration, see Oscillation 

Virial equation, 288ff 

Viscosity of a gas, 22-26 

Volume, of an N-dimensional sphere, 433 
per molecule of saturated vapor, 303- 

305 
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Wave functions, see also Antisymmetric 
eigenfunctions; Symmetric 
eigenfunctions 

and configuration integral, 231 
of a point in field free space, 46 
of electrons in metals, 389-390 

Wien’s distribution law, 371 

Work function, see also Thermodynamic 
functions 

of a metal, 392, 395ff 
thermodynamic, 105-108, 438-440 
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